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ABSTRACT 


Se 


The work described in this thesis is composed of two parts: 
a study of redistribution reactions for three trivalent phosphorus 
halide systems, and a study of the mechanisms governing the phosphorus 
nuclear magnetic relaxation in four phosphorus trihalides. 

The gas phase reaction between PF, and PCl, tonyield PH Cr and 


2 


PFC1., and the disproportionation of PF 


3 Cl were studied by infrared 


2 
spectroscopy. Redistribution occurred only to a limited extent after 


24 ir -aers007e. 


The reaction between PCl, and PBr, to) vied PBr Cl and PBrcl 


2! 
in the neat liquid, was studied by aS nmr spectroscopy. Contrary to 
previous reports indicating that this reaction attained equilibrium 
within 1 Semaneate25cC7 titowas: found to have a lower limit of 10.5 days 
for the half-life at 70°C. A kinetic study of the reaction was compli- 
cated by non-reproducible results, which appeared to originate from 
catalysis by traces of water. For the catalyzed reaction, the rate of 
production or disappearance of a given species was first-order in that 
species. A study of the equilibrium constant for the redistribution 
indicated that the reaction is essentially thermoneutral. 


The reaction between CFPC1 and CF PB, tos vield Cry PRrcly in 


2 =) 5 


the neat liguid, was studied by 19, nmr spectroscopy. This reaction was 
also catalyzed by traces of water, however, the kinetics of the catalyzed 
reaction did not show any consistent first-order behaviour. A study of 
the temperature dependence of the equilibrium constant for the redistrib- 


ution indicated that the reaction is thermoneutral. 


i’ Rete owt To Poeiqdos “ret 


SIP MIBON PAO. SVitd sotAs 
RUSSO wit aioe veE: ace lie 
ee ex aeat AYR “Uae” ane op bammtas. akan 
Bite Lopes folerty P VADs iets | (i site ae tina ade ee 
besescel va oo iach ‘ CA, 3 iy fn 2 nade eee) 2 


refte Dasikes- Tagiar sl : rN “J230 i) day te ied 
é 


Nye ea © ee Pars fi LY’ ee th) ae ‘a verge npeay 


a2 YXEIwLgD MIOWNRIoS GS tir 9” vi Batiehie ew «eee se si 


msnilinves tenlarts poid>soex ara 34q9 poche ad oye 


8 


: ry a) Ol poco hehe Saye) — rs i Bes os en) uP i a as Bd mbit. 6h . 
“Lime Gen 1Gisonae sit > eiede oivent+ a pte ye ai iteRin ait 
Bots ‘stack orniot fexreegas dot. paloma ol troaberigeggdmath! ip . oa 


; ; a 
to 958 od .adkdopas beg letée wit 26% yoda Fo beet 4 etoylates 


, 


Yeas! ih taboo seni? pew actcoqe qeeie 6 Yes weyissayaath Se Es 


q 


wiekgaed: S72ihat ehs-"ine tHatenen aelsti tives a> se yOute A. 


igsiognieselt: yiisksuseqe ot nolyasex até Iad$ BapaoRbad , 


i LINE 'BO biaiy ov gith, ID bap cf8, 9 omerted posesees ail 


Aan 


esy aomo“sey play “VAOStOs Hes Wit ” YY! Setemiy vey bbaphl: va 


besieliavad itd tq) acitarelt gite (amid eatey Io! cones yd toryintin oli 


to ybige Ay -,suekversd Yetiie~vausa tnpsdtenes Ye wode 2on: bib mokgSaan 


~diztathor ont, 267 tntesBaee mebedth ities ait ty aoiehesgeh ors egrmsy itd 
| Anal tates ah noltoses eis gags borent at 


vi 


' Nuclear magnetic relaxation studies were carried out at 40.5 MHz 
Baer Ke . 
for Poin PBY + PBr Cl, PBrcl., and PCl, in a mixture of these species 
in equilibrium in the neat liquid. Both the transverse, 1/T,, and 
longitudinal, 1/T,, relaxation rates were measured as a function of 


35 ' ; : 
temperature. A study of the 1/T, Lox Clean PCl., in a mixture with 


PBr + as a function of temperature, yielded a value of 2 B4nl0 Ge sec 
at 25°C for the reorientational correlation time. This was then used 
79 

to calculate the value of 1/T, £Or Brern PBY 

The 1/T, BOG abe is controlled by a scalar interaction mechanism 
of the second kind for all the species. The values of 1/T., for onl in 
PCl, and for Ne in PBr,, were used in conjunction with the values of 

Gu aes, 35 
1/T, for P in PC1., and PBY , to calculate the values of the P- Cl 
and Pai By scalar coupling constants, 128.9 Hz and 248.6 Hz respectively. 
: See 

The high temperature region of the 1/T, FOL Pras*® controled by, 

a spin-rotation mechanism for all the species. On the basis of this, 


the spin-rotation coupling constants for PBr PprCl, PBrCl., and PCl, 


a! 
were calculated to be 3.00, 3.99, 5.67, and 9.13 kHz respectively. 
Sie. : 
The low temperature region of the 1/T, LOD P as consistent 
with contributions from dipolar, scalar interaction, and anisotropic 
chemical shift mechanisms. It is shown that the anisotropic chemical 


shift contribution, which has generally been disregarded in the interpre- 


tation of 1/T, data, is quite significant for PBY and PCl,- 
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CHAPTER I 
INTRODUCTION : 
1. A Review of Redistribution Reactions in Group VA Compounds 

Reactions involving the interchange of substituents between 
molecules have been known Since the 19th century. It was only in 
1939, however, that the nature of these reactions was recognized by 
Caingaer es He introduced the term "redistribution reaction" to 
describe those reactions in which there was a random exchange of 
ligands between organometallic compounds. Such reactions are also 
referred to as displacement, disproportionation, rearrangement, 
reorganization, and scrambling reactions. 

The most general definition of a redistribution reaction is 
that of a process “in which bonds change in relative position but not 
in total number or formal eee In intermolecular redistribution 
reactions two or more kinds of substituents interchange positions on 
one or more kinds of central atom or moiety, this process eventually 
leading to an equilibrium state. 

Redistribution reactions are often encountered among the 
compounds of nontransitional elements in groups II to Vans cree aor’ 
Several review articles dealing with different aspects of redistribution 


a1 118; eee 


reactions involving group VA compounds have appeared, 
of the work in this field has been carried out from either a preparative 
or thermodynamic point of view. Few systems have been studied kinetic- 


ally, hence the kinetic trends are poorly defined, and the mechanistic 


considerations are only speculative. This review is an attempt to 
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document all the redistribution reactions that are known to occur 

among group VA compounds, excluding nitrogen. A special emphasis is 
placed on stating the conditions used, the extent and duration of the 
reaction and, where available, any thermodynamic and kinetic parameters. 
The review deals only with reactions in which there is a redistribution 
of two monofunctional substituents about a given central atom or 
moiety. 

Redistribution reactions among P(III), As(III), Sb(III), and 
Bi(III) compounds are compiled in Tables I, II, III and IV respectively; 
those among P(V), As(V), and Sb(V) compounds are compiled in Tables V, 
VI, and VII respectively. Redistribution reactions of substituents 
between two oxidation states of a given central atom are compiled in 
Table VIII. All the equations are written in the conventional manner 
to represent the reactants used on the left hand side, and the products 
obtained on the right hand side. The equilibrium constants are 
reported for the appropriate ratio of products to reactants, as 
given by the equations. Unless otherwise stated, the reactions were 
studied in the absence of solvent. The tables contain a comprehensive 
survey of the literature, however, they may not be entirely complete 
because redistribution reactions are often not indexed as such. 

The relationship between the free energy change and the 
enthalpy change, entropy change, and equilibrium constant for a 


reaction is given by the following expression: 


AC e Au? - TAS? = -RTlnK . (121) 
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The number and type of bonds Stn the same in a redistribution 
reaction. If it is assumed that the bond energy between the central 
atom and each of the substituents is independent of the nature of the 
other substituents on the central atom, then the enthalpy change of 
the reaction will be zero. Such reactions are termed thermoneutral. 
The free energy change is governed by the entropy of mixing, and a 


random distribution of substituents takes place: 


O O 
-TAS = ~RT1nK 


evara * rand oe 


and -* 


The distribution of molecules in a random redistribution reaction can 


67,7 


be calculated statistically from the laws of probability, and 


therefore the value of KS may be obtained. The experimental 


and 
equilibrium constant of a reaction may be compared to the equilibrium 
constant for manaon reorganization, in order to determine whether the 
reaction is "random"’* or> “non-random.” It*folléws thatireactionsfor 
which the equilibrium constant varies from the random value are expected 
to have a measurable enthalpy change. In Tables I to VIII the value of 
the equilibrium constant for random reorganization, Koeea is placed in 
brackets next to the experimental value, where available. 

There are many examples of redistribution reactions in P(IITI) 
compounds, and some trends can be detected. When the two exchanging 
substituents are of the same type, both halogen, ethoxy, or mercapto, 


the redistribution is essentially random. When the two exchanging 


substituents, however, are of different type as for dialkylamino- 
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halogen, alkoxy- or phenoxy-halogen, mercapto-halogen, or dialkyl- 
amino-phenoxy, then the redistribution is highly non-random, and 
favours the formation of the mixed compounds. The largest deviations 
from random behaviour are found for the PCL,-PIN(C Sey rel aes ale! 


Zep 25 


H.).], systems. The above observations for the 


CHeEC i -—-CH. Dp 
5 IN(C., pe eZ 


3 2 
redistribution of unlike substituents in P(III) compounds also apply 
to the redistribution of unlike substituents in As(III) compounds. 
Again the non-random redistribution of molecules is strongly in 
favour of the formation of the mixed compounds, and the most non- 
random behaviour is again exhibited by the dialkylamino-halogen 
exchanges. The only study of exchange between like substituents 


: 38 , 
in As(III) compounds has been that of the AsF “ASC1, system. This 


3 
system is rather unique in that the distribution of molecules is very 
non-random, and in favour of the unmixed species. Too few systems 
involving Sb(III) or Bi(III) systems have been studied, thus even 
qualitative observations cannot be made. “fe trends for redistribution 
in P(III) and As(III) compounds are in agreement with the concept that, 
for very different types of ligands, there will be considerable rehybrid- 
ization of the central atom when these ligands are interchanged. [In 
Le words, the bonding of a ligand to the central atom depends on 

the type of other substituents on that atom. The bond energy OLS a: 
particular bond will therefore be dependent on the rest of the 


environment, hence the reaction will not be thermoneutral. 


Almost all the reactions studied for pentavalent compounds have 
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involved the redistribution of two like substituents. For P (V) 
compounds there is an essentially random distribution of molecules, 
whereas for As(V) and Sb(V) compounds some redistributions are of 
random behaviour and others are not. However, the departure from 
random redistribution is never large. 

Kinetic parameters are known for very few reactions, most of 
the rate data being in the form of the time required to attain equi- 
librium. Even when the data are available, a comparison between the 
systems is difficult because the conditions are not duplicated. 
Moreover, in certain Be tonce ee was suspected that catalytic 
impurities could have been playing a role in determining the rate of 
the reaction. For all these reasons it is difficult to obtain meaning- 
ful kinetic trends in this field, but some general trends appear. 

The rate of redistribution varies with the nature of the central 
atom, increasing with increase in the electropositive character of the 
atom; hence, the rates decrease in the order Sb > As > P. Few 
reactions between P(V) compounds have been studied, but in general they 
are slower than the corresponding reactions between P(III) compounds. 
The exchange of substituents between a given central atom in two 
oxidation states was extremely slow. 

The rate of redistribution for a given central atom depends on 
the nature of the substituents. For the redistribution of like sub- 
stituents between P(III) compounds, the rates decreased in the order 


halogen > alkoxy > mercapto. Within the halogen compounds, the rates 
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decreased in the order Br > Cl > F. When the exchanging ligands on 
P(III) compounds were not of the same type, the fastest rates were 
found for the halogen-dialkylamino exchanges. The reactivity with 
PCL decr Sl hie te der P =. >> 

3 ecreased in the order [N(C,H.) 1, P(NCS) , P(OC,H,) 4 and 


Bie: HZ) a> PIN(CH,).1, Be COCATLS).A GEE (SG 


>> 
g'5 2/3 6"5/3 6S oa eNO 


trends in the rates of exchange between substituents of the same type 

on As(III) compounds can be given, because only the AsF ,-AsCl., 

system has been studied; redistribution was quite fast. The reactivity 
with ASCl., decreased in the order ASIN(CH,) 5], av As (OCH) , >> ASF, 2 


ies > ivi i 
(CH. CH) As (CF) AS (C/H,) AS. The reactivity of halogens with 


As (OCH), decreased in the order ASF = ASB, > AsCl., however, the 
differences between them were not large and the Aienonee a did not 
place much relevance on the quantitative results. In the same study 
it was shown that the reactivity of the halogens with AS[N(CH,) 5], 
was independent of the halogen used. It seems, therefore, that the 
nature of the halogen plays a relatively SHvapor cane role in redistri- 
bution reactions for As(III) compounds. 

The mechanisms governing redistribution reactions are still 
in the speculative stages It has been generally assumed that the 
reactions are bimolecular, and proceed through a four-centre bridged 
mechanism. This mechanism is favourable for exchange between compounds 
whose central atoms have strong electron-acceptor character and whose 


substituents have strong electron-donor character. The results of 


51 
the dimethylamino-halogen and methoxy-halogen exchanges on As (IIT) 
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mentioned in the above pacacrenhy were found to be consistent with 
second-order kinetics. For these reactions, an ionic mechanism could 
be postulated. The rate determining step could be the attack of an 
electrophilic arsenic cation, derived from the halide, on the nucleo- 
philic nitrogen or oxygen in AS[N(CH,) 51, or As (OCH,) .- ECleariy, 

much more work in this field is required before reasonable mechanistic 
trends can be proposed. 

The original project undertaken was to study the kinetics of 
exchange between halogens on triply connected phosphorus. From the 
preceeding observations on this system, discussed above, these exchanges 
are expected to be relatively slow, hence conventional kinetic techni- 
ques could be used. The ultimate goal was to derive the rate law for 
the exchange and obtain the kinetic and thermodynamic parameters, with 
the hope of proposing a reasonable mechanism for each system. The 


work included a study of the exchange between PF, and PCl between 


3 ot 
PCl, and PB.) and between CFPC1, and CF.,PBr.. However, initial 
aspirations were not realized due to the complexity of the systems. 


It is hoped, nevertheless, that the nature and reactivity of these 


reactions have been partially elucidated. 
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2. Nuclear Magnetic Relaxation in Liquids 

The mechanisms by which magnetic nuclei relax in the nuclear 
magnetic resonance (nmr) experiment have been the object of numerous 
studies in recent years. The studies of relaxation phenomena in 
liquids have been especially useful in yielding some insight into the 
nature of the liquid state. The theory of nuclear magnetic relaxation 
and the mechanisms governing it have been discussed and reviewed by — 
several BUhOLe i es oe 

When a nuclear spin system is placed in a strong magnetic field, 
Hoe a Zeeman splitting of the nuclear energy levels occurs and a Boltz- 
mann distribution of nuclear spins is established among the energy 
levels. In the nmr experiment, energy is absorbed by the nuclear spin 


system when a radiofrequency field H rotating about Ho in a plane 


1! 
perpendicular to it and of the appropriate frequency ee known as the 
Larmor frequency, is applied. Since the population of nuclear spins 

in the lower energy levels exceeds that of the higher energy levels, 
this absorption of energy causes the transfer of some nuclei from the 
lower to the higher energy states, thus perturbing the normal Boltzmann 
distribution or thermal equilibrium of nuclear spins. Because spon- 
taneous emission of energy is negligible, the only path by which the 
nuclear spin system can be restored or relaxed to its thermal equilib- 
rium, is through transitions caused by fluctuating magnetic fields 
oscillating at the Larmor frequency. These magnetic fields are in 


turn caused by magnetic interactions between the nuclear spins and 


the surrounding electrons and nuclei composing the entire sample; 
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this is often called the lattice or heat reservoir. The rate at which 
the thermal equilibrium is restored is governed by characteristic re- 
laxation times for the particular nuclear spin system. 

The rate of decay of the nuclear magnetization to its thermal 
equilibrium has been described quantitatively by Bloch in the so-called 
W M 100 7 + 

Bloch equations. These equations combine the effects of Larmor 


precession and nuclear relaxation: 


i at Jae 
Z, Zi 
at a Fe T (I.3a) 
is 
aM, — 
eee er) Nie eo sen Cr. 3b) 
ai Ony. Ty 
aM M 
Fae mela ik a a ; (I. 3c) 
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M, M , andM_ refer to the z, x, and y components of magnetization at a 
nin aie 

given time, where z is the component parallel to the main magnetic field; 

M is the equilibrium magnetization in the z direction; Wo is the Larmor 
fe) 


frequency; T) is the characteristic time for the decay of the M, compo- 


nent to M , and is known as the spin-lattice or longitudinal relaxation 
fe) 


time; and T, is the characteristic time forthe decay .of the M, and ee 


components to zero, and is known as the spin-spin or transverse re- 
laxation time. 


Certainly the best definition of T, and T. is in terms of the 


Bloch equations presented above, where T) determines the approach to 
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equilibrium of the component of magnetization lying parallel to the 


magnetic field, while T, determines the loss of phase coherence of 


2 
the nuclear spin system. Transverse relaxation alone is incapable 
of causing an energy transfer between the nuclear spin system and 
the lattice. Longitudinal relaxation always brings about transverse 
relaxation, thus Ty is always greater than, or equal to, TS. 
Longitudinal and transverse relaxation both depend on the 
existence of perturbing magnetic fields at the nucleus. However, 


longitudinal relaxation with a characteristic time T, can only occur 


i 
when these magnetic fields fluctuate with time due to the thermal 

motion of the nuclei, whereas transverse relaxation with a characteristic 
time T, is not dependent on these fluctuations for its existence; 
although it can be modified by such fluctuations, it is most effective 

in the absence of thermal motions. In a system in which the magnetic 
field fluctuations are very slow due to restricted motion of the nuclei, 
as in the case of very viscous liquids and solids, T) is very long 

while Ty is very short. When the magnetic field fluctuations are very 
rapid, as in the case of non viscous liquids, Ty decreases considerably 
whereas T, increases. In most liquids the magnetic field fluctuations 
are so rapid that the interactions between nuclei alone are ineffective 
in causing relaxation of the transverse components of magnetization. 

M andM_ then relax by the same mechanism as Moe and the equality 

Ty) = T, applies. In this Situation, the frequency of INMagnetic 


fluctuations is much larger than the Larmor frequency. This may be 


expressed by the mathematical condition that: 
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' (1.4) 


where a is the Larmor frequency, and ve is the characteristic time for 
the magnetic fluctuation. This condition is often referred to as the 
extreme narrowing condition. 

The mechanisms by which the nuclei are relaxed were first pre- 
sented in detail in the pioneering study by Bloembergen, Purcell, and 


eetnc to! 


These mechanisms were confirmed, refined and supplemented 
by various authors who will be mentioned in the course of this chapter. 
The following section will deal with a presentation of the relaxation 
mechanisms most commonly encountered in diamagnetic liquids; the 
dipolar, anisotropic chemical shift, quadrupolar, scalar coupling, 
and spin-rotation mechanisms. 

Relaxation of a nucleus by direct dipole-dipole interactions 
with other magnetic nuclei is probably one of the most frequently en- 
countered relaxation mechanisms, especially for protons in organic 


Se eae te The dipolar relaxation mechanism may be illus- 


liquids. 
trated for the simple case of two magnetic nuclei, i and j, whose 
Magnetic moments are separated by a distance r, where r makes an 
angle 0 with the main magnetic field. The dipolar interactions 
between the two nuclei are modulated by fluctuations in r and O due 
to the random thermal motions. One can immediately distinguish 
between two types of dipolar interactions; the intramolecular and 


intermolecular. The dipolar relaxation between nuclei in the same 


molecule is termed intramolecular. The distance r is fixed but the 
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angle 0 varies because of the rotational motion of the molecule, hence 
this is frequently called a rotational dipolar mechanism. - The dipolar 
relaxation between nuclei in different molecules is termed inter- 
mMoLcculam. Sinuehisscase, both -r and).©0 may vary due to the translational 
or diffusional motion of ‘the molecules, in addition to the rotational 
motion which is important for the intramolecular interaction. The inter- 
molecular dipolar mechanism is often referred to as a translational di- 
polar mechanism. Thus the dipole-dipole interactions act as time 
dependent perturbations on the Zeeman energy levels of the nuclei, and 
produce transitions between these energy levels which result in the 
relaxation of the nuclear magnetization. 

The contribution of intramolecular and intermolecular dipolar 
interactions to the relaxation of a nucleus were first formulated by 

81 : : 
Bloembergen, Purcell and Pound for the interaction between two 
identical nuclei of spin 1/2. Except for some minor modifications 
Pe eae iets eee! wie 

the same results were obtained by Kubo and Tomita, using a different 

: 94 
theoretical approach, and by Solomon. These results were generalised 
by Gutowsky and Wocsenee for interactions between many nuclei of 
different spins. The total relaxation resulting from the interaction of 
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Splint with)?] <i =e) and (k (jek). is given by: 


Ceo) 


The intramolecular dipolar contribution to the relaxation, 


ee ey COLTS AB Let otis ot vacadgtitaes oe ib. | et Lod 


7 ry “aus a "aoe za tty , all ; 7 oe yan a ks ane oe re th a an 
; . Poe | in | 


i 4 i - 
A i i 
« : fi 
= : ‘ | 
cs -” - i 
f ’ 4 Ta 
Lie _ st) 
ee 
L —_ ; 
iF Do 


- 


acoriey! Sisal can Hit 26 jog Sain SD ROR RSA ai ~< Seteag as, 


“ea torik aa?) Lekietoan = ose tr Suerte me Helios : 


+ 40 @vGiopAMN abso tram wh dak sien, ‘ 


eaagiss. Lane 


iemotiabaiess 2dl ot Sue Yt 


dy oo coktitdbe (2 yaatose Toma, To teen 


i pies! 673 


end a ound soate aS dale ude Mas See ds es ae a 


. 


=—F Jeo EYen eget & see, a eS L ico 2 ih 


ov lee a fir : 
j eer: 

ce deo S42 So Slovo figpione ghase Se Be eons | 

hd el whe a = r 

Pe as 


eds hh sivastiiisidw. pleval Voss Saeus. see crt 


aTiGak iil Mvp sit Bs ef Sur ote ] 


Sitios bonita pure (907 Gis be praia 


vil bastcomae > 12262. etay etigiovn a ko (One baie ey sid ati ; 
* ; - ‘ é - ; 
ees poowebd “un lis resnk ent.20T_, bates, fF ole, thes 


BNE hoo ht sBon opis Saas “Or 15S 5eee ie RAE cree Aek 


t 
ap } FL A oh nw ies ie) J ge i 
Hiametich a pihian BF Seek tis “odedk yet Edler Ligdeld Bee 


ares ie. . | 
begiieys mer. exe adiakas SRront MheMIlGS vate Diy. ARE 


. $6 Jsisouwt vism daowisd) 6gmizes ter al “0 SS eee 


i 


td. goksgsueint o* wox? wnkiibeet wolsexgien Leaot edt 


oo Sa 0a ae att a oath _ Pay: te pie 
: V0 davit ae foe So) ot at & CE = 1 ; 
? wd a SY ae | pee 
i ‘c : @ ft 7 tL { ; 
(4 + Si AL rw bacon © aaa a ee) ea erars 
t (2h). ft *\ ita). yee. Qh) a ae 
- + hal - UF a . ¥ af ry 


- 7 ' t ’ Tn ran : a NOL ; a 
at y ; ; 7 eit : f rs ‘ Beg ‘ “ a 4 ; 
: a! ; _ ice ‘Ge + i — 


tame 


7 if tee 7 1e ee 
: " 4 i” ha i] (ies ‘ ir 7 7) Ef 
t ow ' 2 : : Fy ty, fe 7 ; : in 
ane mer _ ae ae i” s 7 iF 


on ou aon) ‘fo ‘ih am rare, % 


wera 


39 


_80,82,95 
1/T, 5 and 1/T, 01 is given by: 
1 Sey at y rs: a 
aS (2, + Gr) + Sn ‘ 
Ths A Aaa a mee ne GE fae ete 
4 AT 
D D 
{ Soy aos ara (I.6) 
1 +w Th 1 +40 “tT 
7 Pa OR kee: 5 76 Cg eee de Le, =o 
= = {F Abie sel = % 
: tagger e Maeas veh bys oh Y, (ey, T(t, + Tn 1) x 
5% ZU 
(37, $—— > + >) ‘ (27) 
eo 7 1 + 4w as 
where z 


5 are summations over nuclei of the same kind as i, the relaxing 
nucleus, and 2 are summations over all other nuclei; ft is Planck's 
constant divided by 217; ‘y is the magnetogyric ratio; I is the nuclear 
spin; r is the internuclear distance; Wo is the Larmor frequency of 
the nucleus i; and = is the correlation time for intramolecular 
dipolar interaction. 
; : ; =12 
The correlation time Th is found to be of the order of 10 sec, 
: : 8 =] 

and the radiofrequencies usually used are < 27x10 sec , hence the 
extreme narrowing condition DD << 1, may be applied. Equations (I.6) 
and (1.7) then reduce to: 
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The correlation time Ts 1s the rotational correlation’ time of the 
molecule, which is of the order of the time a molecule takes to turn 

‘ 81 
through one radian. Bloembergen, Purcell, and Pound (BPP) proposed 
that Th can be calculated to a reasonable approximation by considering 
the molecule as a rigid sphere, of radius a, imbedded in a viscous 
liquid, and undergoing a ‘rotational' Brownian motion. This assumption 
was made in analogy to the theory of translational Brownian motion in 


viscous liquids, thus T_ is given by: 


D 


T =I) . (E.9) 


D is the ‘rotational' diffusion coefficient, and it is related to the 


viscosity nN by the relation: 


5 a | (I. 10) 


3 
81MNa 


where k is Boltzmann's constant and T the absolute temperature. Thus: 


i = ama” : Gagne) 

D SkKr 
The correlation time os is closely related to the Debye correlation time 
for dielectric dispersion, T, and it.is found that T) = T/3. Because 
of this relationship, equation (I.11) is often referred to as the Debye- 
BPP equation. It is often used to calculate Toe even though it is a 
generalisation from the treatment of translational motion. 


The intermolecular dipolar contribution to the relaxation, 


1/T, * and 1/T, ', has the same form as the intramolecular contribution. 
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When the extreme narrowing condition applies, it is given are 
th A Dee 2 - 
Se eee ey, ey ety 
1D 2D 4 J 
PAP = 
— + t LT 
Sil tia eal eect) g(t dl ael aaa (122) 


The only difference in equations (1.8) and (I.12) is in the terms which 
are primed, r' and Se The correlation time for the intermolecular 
dipolar interaction Ce is mainly the translational correlation time 
for molecules in a spherical shell of radius r' + dr' centered at the 
relaxing nucleus i. One definition of i is the time it takes for the 
nucleus i to move a distance r' relative to the other nucleus, j or k. 
The motion is three-dimensional and the molecules containing the nucleus 
i and the nucleus j or k are considered both to be moving, hence ca 
may be calculated using the theory for translational Brownian motion. 
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D' is the translational diffusion coefficient, and it is related to 


the viscosity n by the Stokes~-Einstein relation: 


kT 


eine (I.14) 


DY ne 
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where k is Boltzmann's constant, T is the absolute temperature, and a 


is the radius of the molecules, considered to be spherical. Thus: 
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ma(r')? 
A = aor = ; (TS) 


where ©" is taken as the radius of closest approach, 2a, of two spherical 
molecules. Substituting for a Ene equationuwiCh 22) by Wh. 5) stor 

the case of spherical molecules with the atoms situated on the surface 

of a sphere, where re = Ck = r', and summing over the individual 
contributions by integrating over a volume from infinity to the radius 


of closest approach, 2a, yields: 
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(Pal) 
where N is the number of molecules per sits The substitution of 2a 
for r' yields the equation for spherical molecules. This result is 
often used for the case where the molecules are non-spherical by 
justifying that EC = rey = yr' to a good approximation. However, 


a better approximation is to substitute for the appropriate radii in 


equation (I.17) to give the more general form: 
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This equation may be expressed in terms of the intramolecular correlation 


time, T by substituting for n from the Debye-BPP equation. More 


Sabra de 28 in which both the effects of 


sophisticated approaches 
translation and rotation are considered yield different expressions 
LOL 1/T,,' however, the qualitative features of the equations remain 
the same. 

Both the intramolecular and intermolecular contributions to the 


Pelvaxacion, © 177 and 1/T y's are directly proportional to Th? which 


1D 
is in turn a function of n/T from the theory presented above. Since n 
increases as the temperature decreases, 1/T, 5 and 1/T,,' increase with 
decreasing temperature. For nuclei relaxing by a dipolar mechanism, 
a check of the dependence of the relaxation rate on N/T should give a 
good indication as to the validity of the treatment of correlation 
times in terms of a Brownian motion. However, viscosity data are 
quite scarce, and the theory is often not tested. 

In this section the correlation time for rotation has been 
presented for the case of spherical molecules undergoing isotropic 
reorientations. Few molecules, however, can be considered truly 


99,100,101,102,103 


spherical. Several authors have been concerned 


with considering the effects on the relaxation terms due to aniso- 


tropic rotational reorientation in which the molecule can have 
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different rotational diffusion constants for the different major 

axes. However, this has not really improved the Stokes hydrodynamic 
metnod for calculating rotational diffusion constants, which is still 
used because of its simplicity. 

Relaxation of a nucleus may occur through an anisotropic chemical 
shift interaction. This relaxation mechanism was first proposed by 
McConnell and sii and Gutowsky and Woosene en The chemical shift 
in a nucleus may be different for different orientations of the molecule 
relative to the main magnetic field; in other words, the chemical 
shift is anisotropic. As a result, when the molecule reorients in 
solution the magnetic field at the nucleus fluctuates. These fluctu- 
ations bring about relaxation of the nucleus. 

The chemical shift may be considered as the sum of an 
isotropic and an anisotropic part, only the latter. being effective 
in the relaxation mechanism. The anisotropy of the chemical 
shift in the z, x, and y directions may be denoted by Oona Os and 
at: respectively. It has been shown by praca a that if these 
components are expressed in terms of on and an asymmetry parameter 


N according to the relationship: 
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then, the anisotropic chemical shift contribution to the relaxation, 


1/T,, and 1/T,,1 is given by: 
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where Y is the magnetogyric ratio of the nucleus; Ho is the main 
magnetic field strength; Wo is the Larmor frequency; and gk is the 
correlationtime for the anisotropic chemical shift interaction. The 
correlation time oT is the correlation time for the rotation of the 
molecule, and hence the same as Tae Under conditions of extreme 


narrowing, where we <7, eecauaczons (1.19) sand (1.20) reduce: to: 
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This result represents the rather unusual feature that even in the 


extreme narrowing case the ratio of 1/T, to 1/T) 4 ES 736. 


A 


Since the correlation time CF is the rotational correlation 


time, the temperature dependence features of the anisotropic chemical 
shift relaxation rate, 1/7) 4! are the same as those for the dipolar 


relaxation rate, 1/T LE increases with decrease in temperature. 


ip: 1A 


This mechanism, however, has the distinguishing feature of being pro- 
; 2 
portional to Hy : 
Proton chemical shifts are too small for their anisotropy to be 


important enough to produce effective relaxation. For fluorine, on 


the other hand, the anisotropic chemical shift contribution has been 
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84,88,105 


found to be more significant. However, due to the difficulty 


in obtaining the values of 6. and yn, this relaxation mechanism has 


' 
not been studied in any detail. 
The importance of relaxation by a quadrupolar interaction 
mechanism was first demonstrated by Bloembergen, Purcell, and eens 

in a mixture of HO and D0. Nuclei with spin greater than 1/2 possess 
an electric quadrupole moment, and relax by the interaction of the 
electric quadrupole moment with an asymmetric electric field gradient 
at the nucleases e” The nuclear electric quadrupole moment is a 
measure of the deviation of the nuclear charge distribution from 
spherical symmetry, and it is oriented in a fixed direction due to 
the polarization of the nucleus by the main magnetic field. The 
field gradient at the nucleus, however, due to the electrons in the 
bonds fluctuates in orientation because of molecular motion. Thus, 
the quadrupolar interaction is a function of the orientation of the 
nucleus with respect to its electrostatic environment. 

The general equation describing the quadrupolar contribution 


to the relaxation, 1/T and 1/T is complex and only its form 


10 2On 


80 
under extreme narrowing conditions is presented here: 
2 2 
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where I is the nuclear spin; 1 is an asymmetry parameter, which 


is a measure of the departure of the electric field gradient at 


: 2 
the nucleus from spherical symmetry; e qQ/h is the product of the 
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nuclear electric quadrupole moment and the electric field gradient, 
in rad ee and called the quadrupole coupling constant; and T 
is the correlation time for the quadrupolar interaction. 

The quadrupolar relaxation mechanism is modulated only by the 
rotation of the molecule, therefore i is the rotational correlation 
time which has already been designated as a for the dipolar relaxation 
and a for the anisotropic chemical shift relaxation correlation times. 
The quadrupolar interaction is the most effective relaxation mechanism 
for nuclei possessing a quadrupole moment. For covalently bonded 
quadrupolar nuclei especially, the electric field gradients are quite 
large and the quadrupolar interaction may be two or three orders of 
magnitude larger than any other interaction. Thus mechanisms other 
than quadrupolar do not contribute significantly to the relaxation 
_107,108 


time In such cases, the relaxation may be so rapid as to 


broaden the nmr signal considerably, sometimes to the extent that the 
: 109 ; ; 

Signal cannot be detected. For this reason, few studies of the 

relaxation phenomena of quadrupolar nuclei other than deuteron have 


LOPS LLO, BLL 


been undertaken; quadrupole coupling constants are small 


enough for deuteron compounds, allowing this nucleus to be studied 
poor een eae 

Relaxation of a nucleus by a scalar spin-spin coupling inter- 
action between two kinds of nuclear spins is another commonly en- 
countered mechanism. Nee considers two types of relaxation 


mechanisms of this kind, depending on whether the scalar interaction 


Lit y : 
is modulated by chemical exchange or by the rapid relaxation of 
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lS AIG ask P 
‘ t The former is referred to 


the non-resonant nuclear spin. 
as a scalar relaxation mechanism of the first kind, and the latter as 
a scalar mechanism of the second kind. 


The contribution of the scalar interaction mechanism of the 


pecond Kindyto the relaxation of a spin I coupled to a spin S, 1/T 


ISS 
and 1/T ieig apie? 
a osc’ iS given by: 
T 
1 22 2 
Ba I A GY ag Ce ee ee Ey (1.25) 
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where A is the scalar coupling constant; S is the spin quantum number 
of the non resonant nucleus; a and 0. are the Larmor frequencies of 
nuclei I and S respectively; Ng is the number of S nuclei to which 
nucleus I is coupled; and Ty and T, are the longitudinal and transverse 
relaxation times for the nucleus S. 


For a scalar interaction mechanism of the first kind the 


correlation time for the exchange, Ee is substituted for Ty and T, 


in (I.25) and (1.26). This mechanism will not be further discussed here. 
The scalar interaction mechanism of the second kind is most often 
encountered for nuclei S$ of spin larger than 1/2. Such nuclei relax 
rapidly by a quadrupolar mechanism, as has been mentioned above. 
Since in most cases (w_ = W.)T. >> 1 and the coupling constant 


A is often small, the contribution of this relaxation mechanism to 
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1/T, is usually quite negligible and therefore rarely observe, 18/119 
The contribution: to 1/T,, however, is given by: 
zi fC 
ea ese ONO Oivra 1): 0 ‘ (T27) 
J S: S a 
20C 


Since Ths the longitudinal relaxation time for nucleus S, is inversely 
proportional to To: the correlation time for the quadrupolar inter- 
action, and since T% increases as the temperature decreases, then 1/Th a 
increases, with increasing temperature. 

The interaction of a nuclear magnetic moment with the magnetic 
field produced at the nucleus due to the rotation of the molecule 
containing the nucleus is called a spin-rotation interaction. The 
possibility of relaxation by a spin-rotation interaction mechanism was 
pointed out by Bloembergen, Purcell, and pounds 2 It was not (kehealls 
much later, however, that the importance of such a mechanism was first 
recognized by Gutowsky and ponerse for the relaxation of hydrogen 
and fluorine nuclei in a series of fluorinated hydrocarbons. 

When a molecule rotates, the motion of the electrons and the 
nuclei do not exactly follow each other, with the result that a 
rotating electric field is produced at the nucleus. This in turn 
generates a magnetic field, proportional to the rotational angular 
momentum, which can interact with the nuclear magnetic moment. 

Motion of the molecule causes continual alterations in the magnitude 


and direction of the rotational angular velocity, thus causing 


relaxation. The effectiveness of this mechanism depends on the 
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rotational angular momentum, the correlation time for the rotational 
angular velocity, and the strength of the interaction between the 
electric field and the nucleus, as expressed by the spin-rotation 
coupling constant C. The spin-rotation coupling constant is a 
tensor quantity, but because of the short correlation time for the 
interaction only an average value is observed by the nucleus. 

The contribution of the spin-rotation interaction to the re- 

84 

laxation was developed by Brown, Gutowsky and Shimomura and by 

120 : 84 
Hubbard using different models. Brown et al proposed a model 
in which the molecule remains in the same orientation until it makes 
a sudden jump to a new uncorrelated orientation at random times. The 
spin-rotation interaction leading to relaxation takes place during 

; : , 120 
these jumps when the molecule is actually rotating. Hubbard, on 
the other hand, treated the problem by assuming that the reorientation 
of the molecule occurs by a Brownian diffusion model. The formulation 
of the relaxation time is insensitive to the model assumed for the 
reorientation of the molecule, since equivalent results are obtained 
for the two models. 

The contribution of the spin-rotation interaction to the 


relaxation of identical spin 1/2 nuclei at equivalent positions 


: ZO 
in spherical liquid molecules as derived by Hubbard, 1/T, op and 
V/To opr is given by: 
1 2 2 y 2 TSR 
_ => - —————— I.28 
= 3 KTH 1(2c,° + C,, yet sph e ( ) 
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where k is Boltzmann's constant; T is the absolute temperature; fh is 
Planck's constant divided by 27; I is the moment of inertia which for 
non-spherical molecules is given by (I +; i) + 1/3 where Te uae and 
I, are the principal moments of inertia in the x, y, and z directions 


: 2 4 ; 
respectively; (2C aR cin) describes the diagonalized components of 


i 
the spin rotation coupling constants, where C, = C = C and C =C ; 
i <= yy 1] ZZ 
and Tor is the correlation time for the interaction. In the terms 


involving I and C the z axis is defined as directed from the centre of 
the molecule to the resonant nucleus. Under extreme narrowing conditions 


where WoToR “<1 equations. (1.28) and (1.29)!) simplify to: 


Bs 2 
= = z = = krh gece one aa 5 (1.30) 
1SR 2SR 


The correlation time T__ may be considered as the time during which a 


SR 
particular angular velocity is maintained. Qualitatively, one might 
expect that as the temperature is increased the frictional torque on 
the molecule decreases and hence the angular velocity is maintained 
for a longer time. Thus t. and Tor are expected to be inversely 

120 € 
proportional to each other. It was shown by Hubbard that, for a 
spherical molecule undergoing rotational Brownian motion, and for 
x << T 
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where I is the moment of inertia; k is Boltzmann's constant; and 

T is the absolute temperature. This equation is often referred to 

as the Hubbard equation, and it indicates that Tor has the opposite 
temperature dependence to T° It has been shown that for a rotational 
diffusion model TS is proportional to 1)/T, chus Caps is proportional 

co 07h and 1/T) op increases with increasing temperature. An alternative 


derivation of equations (1.30) and (1.31) has been given by Green and 


poytes.+*+ 


The spin-rotation coupling constant can be obtained from micro- 


wave and molecular beam experiments. Usually, the values of C, and 


a are not known independently and the average value, Cay! is obtained 


where: 


1 
= Pe e eeSee 
“ay ete ee 


t 2 
In order to calculate the value of 1/T) ope the quantity (2c, +C 
‘ ; : 97,98 
1s needed. This value is related to oe by: 


2 
(Ce tee eee 3Ck a PA CHeenoray ame (1.33) 


1 


2 
Therefore, unless on and Cy are equal, the value of (2c) 5 Ci ) es! 


larger than 3C ae Thus, instead of using a known value of oo in 
AV Vv 


order to obtain Tor from equation (1.30), most authors assume the 


122,323 


validity of the "Hubbard equation" to obtain the value of Tor 


needed to calculate e. + C ). Unlike the rotational correlation 


time, which can also be obtained from dielectric dispersion experiments, 
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the spin-rotation correlation time is easily obtained only by nmr. 


Nuclear relaxation by a spin-rotation interaction mechanism 


124 7125, 126) 127 4, 


has been encountered for both hydrogen and pleorine: 


OL Ol 4 28 


nuclei. The importance of this mechanism is much greater” ’ 


on, 20,128 : : 
ised for fluorine than for hydrogen nuclei due to the larger 
fluorine spin-rotation coupling constants. Spin-rotation contributions 


ae ieee and sete nuclei have 


to the relaxation of phosphorus 
recently been shown to be significant. 

For most nuclei in a molecular environment, relaxation is 
accomplished through more than just one mechanism. All the contributions 
from the various interactions must be added. Thus for a nucleus which 


can relax by any of the mechanisms discussed here, the total relaxation 


rate, 1/T,, is given by: 
xe ' + 1 1.34 
1/T, Wa + 1/T, + 1/7,» + 1/7, 4 + WT 64 [Ty op pe CGLs3 a) 


and the same applies for 1/T.. The usual method for determining and 
separating the various contributions is to study the relaxation rate 
over as large a temperature range as possible. The data is commonly 
plotted as in(1/T)) or 1n(1/T.) versus 10°/T, in ot From the 
temperature dependence of the relaxation certain contributions can 

be differentiated. The quadrupolar interaction mechanism is of course 
only applicable for nuclei with a quadrupole moment, for which this is 
the dominant mechanism. Nuclei which are coupled to quadrupolar 


nuclei will usually have a large contribution to 1/T, from a scalar 
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coupling interaction mechanism. The contribution to 1/T, is 
negligible unless the nucleus is studied at low enough frequencies. 
The anisotropic chemical shift contribution to the relaxation is 
usually very small and therefore often neglected. Thus, for most 
cases the problem simplifies to that of separating the contributions 
due to intramolecular and intermolecular dipolar interactions or the 
two dipolar interactions and the spin-rotation interaction. The 
separation may be accomplished by several ohms For example, 
the relaxation mechanisms for a proton in a molecule could be 
elucidated by a study of the relaxation rate of the proton as a 
Sunetronvof its concentration ina non-interacting solvent, or its 
perdeutero analogue solvent, or by the study of the relaxation of a 
different nucleus in the molecule, or by a combination of these 
methods. 

| The investigation of the mechanisms governing the nuclear 
magnetic relaxation of phosphorus in the series of compounds PBY., 
PpriCl, PBrCl., and PCl. was undertaken. In order to make direct 
comparisons between these compounds it was necessary to study the 
relaxation rates in a medium of uniform viscosity. This was easily 
accomplished by using a sample containing a mixture of all four 
compounds. A sample of equivalent viscosity containing only PBY , 
and PCl. was also studied in order to note any differences in the 


3 


PRY, and PCl, relaxation rates in conjunction with the absence of 


intermolecular effects due to PBr Cl and PBrCl..- During the course 
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of this work, the results of separate studies on the phosphorus re- 


L187 130 


BEERS) : 
3 and PBY, were published. For 


laxation rate, 1/T), in PCl 
both of these compounds, the contributions to the longitudinal re- 
laxation are due to spin-rotation and dipolar interaction mechanisms. 


For the PBr an additional contribution due to a scalar coupling 


3 
interaction mechanism with the bromine nucleus was detected at low 
frequencies. In the present work the results of both the longitudinal 


and transverse relaxation rates of phosphorus in PBr._, PBr,Cl, PBrCl 


Sy 2 


and PCl., in conjunction with the results of the transverse relaxation 


rate of chlorine in PCl, are presented with the aim of providing a 
more complete picture of the relaxation mechanisms in these compounds. 
The experimental methods for obtaining the values of the 
longitudinal and transverse relaxation rates for the phosphorus and 
chlorine nuclei will be discussed in detail in the next chapter. 
Since relatively standard methods are used, only a brief outline 
of the theoretical background of relaxation rate measurements will 
be presented here. 

It can be shown ee from a solution of the Bloch equations that 
the signal intensity for the absorption mode, v, for a Lorentzian 


line shape function is a function of both T) and T.: 


OXea ef 
REG AE ne a Tea ce ae 
et T, (w, =) Wisk Y. Hy TT, 


where Xo is the equilibrium magnetic susceptibility; Ho is the main 


magnetic field strength; Hy is the oscillating field strength; yY is 
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the magnetogyric ratio; Wo is the Larmor frequency; and w is 


2 = 
DALE) : mneequation#® (1725) 


the angular frequency. The term (1 + YH, 12 


is known as the saturation factor. Under optimum conditions, the 
absorption spectrum is displayed using a value of Hy small enough so as 


: LD 4 
notCertoncause Saturation.» cihus -y Hy ai, << 1 and equation (1.35) reduces 


112 
to: 
XS 5 * 
vo. (i. 36) 
Deh ie Bik - nN) 
vs e) 
The value of 1/T, can be obtained from a measurement of the full line 


width at half-maximum intensity: 


i) 


271, F Cio) 


4% max 7 


where W. is in Hz. For very large values of 1/T), the signal-to- 


+5 max 

noise ratio can be enhanced by displaying the signal as the first 
: ‘ : : ; iui 

derivative of the Lorentzian absorption function. The value of 


1/T, can be obtained from a measurement of the peak to peak separation, 


Se 


2S = ; (1538) 


where S is in Hz. The value of 1/T,, obtained from equations (1.37) 
= : : 
ana (1.56). are an Uunlts of sec® ., “since T., is a measure of time. 
The effect of saturation on the signal intensity is made use 


of in the experimental determination of Th. the simplest method of 
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which is the saturation recovery or direct method. This method 
has the added advantage that it can be carried out on an ordinary nmr 
Spectrometer. It is best suited for relaxation times of between 0.2 to 
25 secs. “As willbe seen, this condition was fulfilled by the system 
under study, hence this method is quite satisfactory. 

Briefly, the sample at resonance is saturated by the application 


of a sufficiently strong radiofrequency field, H so that 


ay 
1 
re 


YH, ae (TT) - When the amplitude of Hy is suddenly reduced toa 
non-saturating value, the intensity of the absorption mode, v, 


recovers exponentially with a time constant which is essentially T 


1 
: 132 : : : 
ah Ty Ee TS. The recovery of the signal in a homogeneous field 
for the case of T) < TS is given by: 
i 
ft Mes 7-7, [T, exp(-t/T,) — T, exp C/2o) oe eh 2) 


where v,, is the final non-saturated value of the signal intensity, and 
Vv, is the signal intensity at any time t. If tT) << Tos the exponent 


containing tT, decays fast leaving a simple exponential decay: 


Vie a eae exp(-t/T,)] E (1.40) 


The integrated form of this expression is given by: 


dnl Vs - vi) = = t/T, F (72 Ans) 


and the value of 1/T, Tt ee is obtained from the plot of Iin(v,, - v,) 
versus time. In the present system T, << Ty and thus equation (1.41) 


is applicable. 
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CHAPTER II 
EXPERIMENTAL TECHNIQUES = 

1. Preparation and Purification of Compounds 

All preparations and purifications of compounds were carried out 
in a vacuum system using standard vacuum Pee e eae The temperature 
of traps was maintained with appropriate slush baths. 

Phosphorus trifluoride, PF 3s (Penninsular ChemResearch, Inc.) was 
vacuum distilled through traps cooled to -131°C and -196°C and was 
ivapped -at -196°C.. The PF, was then distilled into a tube containing 


trimethylamine, (CH) ,N, with which it was allowed to react in order to 


remove traces of silicon tetrafluoride, SiF,., as the solid (CH,) ,NSiF 


4 4° 


The volatile products were then vacuum distilled through traps cooled 
to —i3 i" Ciande-196-C,.anduthe PF, was trapped at -196°C. The PF. was 
then transferred into a storage bulb equipped with a stopcock. 
Phosphorus trichloride, PCl., (Mallinckrodt Chemical Works) was 
vacuum distilled through traps cooled to mee, -95°C, and -196°C. The 
PCL. was collected at -95°C, transferred into a break-seal tube, and 


sealed. 


Phosphorus tribromide, PBr (Matheson Coleman & Bell) was vacuum 


3! 
Gistilled through: trapsscooled to 6°C, -45°C, and =-196°C. The PBY was 
collected at -45°C, transferred into a break-seal tube, and sealed. 
Hydrogen chloride, HCl, (Matheson of Canada, Ltd.) was vacuum 
distilled through traps cooled to -131°C and -196°C. The HCl was 


collected at -196°C and transferred into a storage bulb equipped with 


a stopcock. 
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Dimethylaminodifluorophosphine, (CH,) ,NPF, was prepared by the 
fluorination of the corresponding chloride with a suspension of sodium 


: 134 
fluoride in tetramethylene sulfone. The (CH,) .NPF was purified by 


2 
a vacuum distillation through traps cooled to -79°C, -119°C, and -196°C. 
The compound was trapped at -119°C and transferred into an ampoule, 
where it was stored. 


Chlorodifluorophosphine, PF.Cl, was prepared by the gas phase 


2 
reaction of stoichiometric amounts of dimethylaminodifluorophosphine 
and hydrogen Shree The products were vacuum distilled through 
Paco eCOOle! tOs- loc,’ “lOO °C, and -l96°C. "Pure PFOCl, trapped at 
-160°C, was either transferred into an ampoule, sealed and kept frozen, 
or stored frozen in a trap on the vacuum line. 
Di-iodotrifluoromethylphosphine, CF,PI., was prepared by the 
reaction of red phosphorus, iodine, and trifluoroiodomethane ina 


ee The yieid, of CEsPL is low, the bulk of che-product 


Carirus tube. Ate 


being a mixture of iodobistrifluoromethylphosphine, (CF) PI, and 
tristrifluoromethylphosphine, (CF) ,P. The products of the reaction 
were vacuum distilled through traps cooled to -45°C, -84°C, -116°C, 

and -196°C. The material which collected at -45°C contained CF PI, 
contaminated with (CF) PI and Lodine. This Fraction was Lurcner 
purified by a vacuum distillation through traps cooled to -25°C, -45°C, 
hoe ateal Ms fod ee CF,PI., only slightly contaminated with iodine, was 


collected at -45°C, transferred into an ampoule and sealed. This was 


very slow, but the most effective method of purification. 


29 
Dichlorotrifluoromethylphosphine, CFPCl.. was prepared by 
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reacting CF,PI. with»excess mercuric chloride, HgCl in a sealed 


Oyu 


tube for about one day at room temperature. At the end of this period 
the volatile products of the reaction were distilled onto a fresh batch 


ef HgCl in order to-insure the complete conversion of the CF_PI_ to 


OM Se Ay 


CFPCL.- After allowing the reaction to proceed for another day, the 


contents were distilled under vacuum through traps cooled to -45°C, 


Pore, anand lLOGoCeaen The (CF) PC1 was collected at -116°C, transferred 


2 
into a break-seal tube, and sealed. 


Dibromotrifluoromethylphosphine, CF,PBr , waS prepared in the 


2 
same way as CF{PCl., except for the use of mercuric bromide, HgBY ., 


instead of HgCl The products of the reaction were distilled under 


5 
wacuum through i trapsscooled*to"-45°C) =84°C;and’-196°C. “The CFPBr, 
was collected at -84°C, transferred into a break-seal tube, and 

sealed. 

The aquopentamminecobalt (III) bromide was obtained from 
Doak; bs Jordan, a was prepared Becovdangees the procedure in 
reference 136: 

All other compounds used without purification were commercially 
available chemicals of reagent grade quality. 

The purity of each of the compounds used in the kinetic and 
relaxation studies was established by an infrared spectrum. In addition, 
molecular weight determinations were made for PF 3, PCL PFC, CF,PCl., 
and CF PBY.- Although mass spectra of all the compounds were taken, 


they were not used to determine their purity because traces of water 


in the instrument partially hydrolyzed some of the compounds. 
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2. Sample Preparation Techniques 

All samples were prepared in vacuum systems using high vacuum 
techniques. 

All the work on the PF,-PC1, system was carried out in a vacuum 
system constructed with Pyrex tubing, vacuum cup stopcocks, and ground 
glass joints. The stopcocks were lubricated with KEL-F #90 grease in 
preference to Apiezon "N", because the latter dissolved to a certain 
extent in PCloe Compounds for the PF.-PCl, system and the PF C1 
hydrolysis study were weighed out, distilled into a 30 ml reaction 
tube, and sealed. 

The preliminary work on the PC1.,~PBr., system was carried out 
on the grease-lubricated system. The required amount of each compound 
was weighed out, distilled into an nmr tube, sealed, and kept frozen 
in liquid nitrogen until ready for use. It was later found necessary 
to construct a grease-free vacuum system out of Pyrex tubing and 
Fisher & Porter 1% mm needle valves. The procedure for preparing 
samples on this system was far more complicated and time consuming. 
Break-seal tubes containing PBL 5, and PCl., and nmr tubes were sealed 
to outlets, leading from needle valves on the system, and the whole 
apparatus evacuated for at least 24 hr. At the end of this period 
the break-seals were broken, and each compound was purified again 
according to the procedure described in the previous section. The 
compounds were stored frozen at liquid nitrogen temperature in traps 
on the vacuum system. Since the compounds could not be weighed out 


in this system, an nmr tube was used as a measuring device. One of 
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the compounds was distilled into this tube, and the quantity needed 

was estimated by the height of the liquid in the tube. The compound 
was then transferred into the nmr-sample tube, and the procedure was 
repeated for the second compound. The nmr tube was then sealed, and 
stored frozen in liquid nitrogen. This method for measuring the amount 
of compounds needed was found to be quite reproducible. 

In order to make up a sample containing a known amount of water 
an nmr tube, equipped with a break-seal on a side arm, was used. The 
sample was made up in the usual manner, and the tube was sealed above 
the break-seal to an outlet on a separate grease-free manifold. This 
manifold was then connected to an outlet on the grease-lubricated 
system and evacuated overnight. A known amount of water was obtained 
by allowing water vapour to expand into a chamber of known volume, 
contained between two stopcocks. The water was then distilled into 
the sample tube, after breaking the break-seal, and the sample sealed 
Ori. | 

A.more convenient method of adding small amounts of water made 
use of the fact that the complex [Co(NH.,) _H.O] Br. liberates water 


Sep eZ 3 


quantitatively on heating, according to the equation: 


A 
[Co (NH,) -H,O0] Br ~~~ [Co (NH,) ,Br] Br, Be HO : Cer) 


The apparatus used to make up the samples is shown in Figure l. A 
weighed amount of complex was put in tube A, and the top of the tube 
sealed off. The apparatus was connected to the grease-lubricated 


system by the ground glass joint, evacuated overnight, and sealed at 


(were, Oty PAST ao) ) Aco et 


12 Sor 2c Svs, OWS ita 2 nis. ite ae o 7 


. 


fehodn: qarsdbt: ss bub . otis, 2he7 ipl hp sew Sb 
Re PR a Se Rivet s6> 34) Hhsaed os ua 


ani a titieGom 4° (baa ,eeh) digger sa eee hel Berra 


ht is vas) 13 raw dns) FP ate , Leading (7s. onohes wid, 
enge?i Riewkivaga 
SAL yaeriaist ih eet ! ture Bete 
Je! et Re 

cM So 4 Eb dads’ o (ee SieQheees 
wee. feueo odd oD gue 
aa ff) Si Gukoege a oo jnlauy $4 ne Per | 


,é aot wheres & t f fe l-F9G d irre srniaeas oerty 


She 327 66 Gpastieye iwrwi x Je cy eo be Pee 


Cera € 
SQiliay. tiycur | Ie Mais & <2nt G@aewse 62 Sees? Ae 
g2a>-faetiftadio oor > anew RL ' Potvin) s ape: > owe 


Subesc wiiees aty tre .dcgt-HeoW ai? puiharewt we ade 


ghee anteu to witudlim Mite pilde t6. hodtec: sashqatage ree 
TeIow VeIHSSAER SOL, eed pe eg ~it tand ten oe 


meddéues GIT 6% toll hsos . pr ldeen Be 


(2.00) ~ Oa +, ii etAy C2 | ee A phy ( anpl 


a 


> 


A st wragitt af wuaig se hele Ot qn ssen co. bagel 


6e@ 


‘nga vied a6 aad att bak if ag par bed uy 2kWw AG i qile 26 swewomm hadkpiaw » t 


2 > ' 
-_ 


Masse qdeissesesy Su} cf tatesiinss -2tw Ants yhags, Oe aetna, 
ars 2077, 


3a Bs Lace Date .PUuGERSewh fet avouvs -.sateb coal Dp fapege eet ateahiatl 


SSX 


ye 


Breaker 


NMR Tube 


Figure 1: Diagram of the apparatus used for the preparation of samples 


containing two components and water. 
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the constriction. The apparatus was then sealed onto an outlet on 
the grease-free system at B. The usual procedure was used to distill 
the required amounts of ee or PBY 5, or both compounds into the 
nmr tube, and the apparatus was sealed off at the constriction. The 
nmr tube was frozen in liquid nitrogen and tube A was immersed ina 
bath at 100°C for one hour. The break-seal between tube A and the 
nmr tube was broken, and the water was distilled into the nmr tube. 
Peethis point; "LE both the PCl, and PBr., had originally been distilied 
into the nmr tube, it was sealed off. If on the other hand, only one 
of the compounds was present, the nmr tube was warmed up to room 
temperature and the contents allowed to react. The apparatus was then 
sealed onto an outlet on the grease-free system at C and evacuated. 
The second compound was distilled into the nmr tube, after breaking 
the break-seal. The nmr tube was then sealed off, and kept frozen 
an Liquid *nitrogen’: 

All preparations and purifications fer the CF PC1-CF.,PBr., 
system were carried out in the grease-lubricated system. All the 


samples however were prepared in the grease~free system in the same 


way as that described for the PC1,~PBr, samples. 
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3. Instrumental Techniques Used 

Infrared spectra covering the range 4000-400 a were recorded 
On a Perkin-Elmer 337 spectrophotometer, using an 8 cm gas cell equipped 
with potassium bromide windows. Infrared spectra down to 200 Gee were 
recorded on a Perkin-Elmer 421 dual grating spectrophotometer, using a 
8 cm gas cell equipped with caesium bromide windows. The salt windows 
were Stuck on the cell faces with a thin layer of hot paraffin wax. 
Paraffin was used in preference to Kel-F grease because it maintained 
a much better vacuum. All infrared measurements were made at room 
temperature. 

Mass spectra were recorded on an MS-9 instrument operating at an 
ionizing voltage of 70 eV. The instrument could be used with a room 
Penperaturesintet,-a-heated inlet, or a direct probe inlet), depending 
on the volatility of the compound. 

All proton and fluorine nmr spectra were recorded on a Varian 
A-56/60 instrument, equipped with a variable temperature probe and a 
Varian V6040 temperature controller. Phosphorus nmr spectra were 
initially recorded on a Varian HA-60 instrument operating at 24.3 MHz. 
The majority of the phosphorus nmr spectra was recorded on a Varian 
HA-100 instrument operating at 40.5 MHz. The instrument was equipped 
with a variable temperature probe and a Varian V6040 temperature 
controller. All measurements of relaxation times coeds at 40.5 MHz. 
Chlorine nmr spectra were recorded on the Varian HA-60 instrument 
operating at 5.9 MHz. The instrument was equipped with a variable 


temperature probe and a Varian V4343 temperature controller. In all 
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the variable temperature oy i es the desired temperature was attained 
by the standard gas circulation technique. For temperatures below 
-30°C, nitrogen gas was circulated through a copper coil immersed in 
liquid nitrogen. For temperatures above 30°C, the copper coil was 
immersed in water at room temperature. Temperatures between 30°C 
and -30°C were the most difficult to regulate, and were achieved by 
immersing the copper coil in a slush bath which maintained a temperature 
of either -63°C or -96°C. The temperature of the probe was accurately 
measured by means of a Leeds & Northrup potentiometer, with’ a copper- 
constantan thermocouple in an nmr tube containing ethanol. By frequently 
checking the pressure of the nitrogen flow, and the level of liquid 
nitrogen or the consistency of the slush bath around the copper coil, 
the temperature was known to an accuracy of +1°C. Samples for proton, 
fluorine, and phosphorus spectra were prepared in 5 mm o.d. nmr tubes. 
Samples for chlorine spectra were prepared in 10 mm o.d. tubes, designed 
EOer1te the probe. 

Overlapping peaks in the phosphorus nmr spectra were resolved on 
a Dupont 310 curve resolver, assuming that a standard Lorentzian function 
described each peak. Values of the relative areas of each peak were 
read off an integrator with 100 divisions. The precision with which 
readings could be made was +0.5 divisions. 

The density determinations were made by measuring the height of 
a weighed amount of compound in an nmr tube, calibrated with respect to 
volume and height. The readings were taken with a Griffin & George 


cathetometer. The nmr tube was placed in a glass vessel through which 
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water was circulated from a constant temperature bath. The temperature 


in the vessel was measured with a thermometer. Es 
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4. Experimental Procedure for the Study of the Redistribution Reactions 
The PF,-PC1, System : 
The reaction of PF, and PCl., the disproportionation of PF ACL, 


and the hydrolysis of PF,Cl were studied in the gas phase. The compounds 


2 
were sealed in tubes, and allowed to stand at a particular temperature 
for a prescribed period of time. The contents were then analyzed by 
infrared spectroscopy. Mass spectra and nmr spectra were often used for 
additional characterization. 

An attempt was made to obtain quantitative results by the compari- 
son of the intensities of certain infrared bands to the corresponding 
calibration of concentration versus infrared band intensity for the 
pure compound. Although the individual compounds obeyed Beer's law, 
mixtures of certain compounds did not, and quantitative determinations 
by means of infrared band intensities could not be done. This will be 
discussed in greater detail with reference to a specific example, in 
the section on results. 

The PC1.—PBr, System 

The kinetics of the reaction of PC1., with PBr, was studied in the 

liquid phase by a nmr spectroscopy. The samples were made up in nmr 
tubes, as described previously, and stored frozen in liquid nitrogen. 
A uniform procedure for studying all the samples was used. The sample 
was thawed as fast as possible, the contents were thoroughly mixed by 
shaking the tube, and the tube was placed in the probe. The zero time 
for the reaction was taken to be 3 min after the contents in the nmr 


tube had thawed. The time was recorded on each scan, and the time for 
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the reaction was taken at the midpoint between the PBr_ and PCl., peaks. 


B 
With the combination of sweep width and sweep time used, the spectrum 
could be scanned every 6 min. This frequency was fast enough for most 
of the reactions studied. The reaction was usually followed to about 
90% completion, and the sample was then kept in a constant temperature 
bath until an infinite time spectrum was recorded. The temperature was 
measured at least twice during the course of the reaction. 

The variation of the equilibrium constant with temperature, for 
the PC1,~PBr., system, was determined from the study of the spectra of 
samples that were equilibrated at the desired temperatures. The samples 
were kept in a constant temperature bath for a period of at least ten 
half-lives, as determined from their kinetic results. The majority of 
the data was obtained from the infinite time measurements of the 
reactions. 

The usual technique for recording nmr spectra is to lock on the 
frequency of a reference peak, and to scan the spectrum in HA-mode with 
a frequency or field sweep. In this system an internal standard was 
avoided, in order to eliminate the possibility of contaminating the 
reactants; an external standard was ruled out, because it decreased 
the signal-to-noise ratio by a factor of two. The spectra were thus 
recorded by scanning in HR-mode with a field sweep. The disadvantage 
of scanning without a lock signal is that the field is not as steady. 
The spectra were recorded by scanning upfield and downfield alternately. 


A comparison of the distance between the PBr, and PCl., peaks in two 


consecutive scans indicated the direction in which the field was 
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drifting, and the necessary adjustments were made. The instrument was 
carefully set up on a sample already at equilibrium, and the drift was 
checked throughout a kinetic run. 

A typical spoceistnn i of a PC1,-PBr. sample at equilibrium is 
given in Figure 2. Each species gives rise to one peak, the area under 
which is a measure of its relative concentration in the mixture. The 
areas cannot be integrated satisfactorily in HR-mode, moreover, the 
PBr, and PBr Cl peaks are too close to give a sharp separation between 
their integrated signals. The areas under each peak were obtained with 
the help of an analog curve resolver. The four species could not be 
resolved simultaneously. A small horizontal gain was needed in order 
to fit the PBY , curve, whereas maximum horizontal gain was necessary 
fOr tne —PCl. “curve. “The PBr, and PBr Cl curves were resolved separately 


5 


from the Pprcl. and PCl, curves. The areas under each set of curves 


were compared to those of standard Lorentzian curves. The true areas 
of the standard curves were known, thus the relative area or mole 
fraction of each species in a spectrum was obtained. There is no 


significant overlap between the PBr Cl and PBrCl, curves, hence 


2 


very little error involved in resolving the spectrum in two sections. 
F Che System 
The C 3PCl. C 3 Br, y 
The kinetics of the reaction of CF,PC1, with CF,PBr., was studied 
in the liquid phase by ue nmr spectroscopy. The samples were made up in 
nmr tubes, as described previously, and stored frozen in liquid nitrogen 


until ready for use. The procedure for studying the kinetics of the 


system, and the variation of the equilibrium constant with temperature 
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was identical to that used for the PC1,-PBr, system. 

The spectrum of a CFPCl—-CF.,PBr., sample consists of three well 
separated doublets, corresponding to the three species in the mixture. 
The reaction was studied by recording the integrated signal of the 


spectrum. The average height of each doublet was used to obtain the 


relative concentration or mole fraction of each species in the mixture. 
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=> Sper iientat 2 ecedure for’ the study of Nuclear Relaxation Times 

Measurement of the “°Cl Transverse Relaxation Times 

The reciprocal of the transverse relaxation time for the Pay 
nucleus in PC1, was determined at four temperatures. The 1/T, values 
were obtained from measurements of the peak to peak separation of the 
derivative spectrum, as described in the introduction. 

The samples were placed in the probe at the desired temperature 
for 45 min, in order to reach thermal equilibrium. The frequency of 
the radiofrequency unit was always synchronized with the frequency from 
the output of a frequency synthesizer. The spectrum was recorded, and 
the frequency changed by 20 KHz while the field was being swept. A 
spectrum was recorded at the new frequency. Thus the distance between 
the centre of each spectrum was separated by 20 KHz. This yielded a 
calibration for the spectra in KHz per cm. The spectrum was recorded 
with upfield and downfield scans, and an average peak to peak separation 
in KHZ was obtained. The temperature was measured before and after 
recording the spectra. 

Measurement of the ad Transverse Relaxation Times 

The reciprocal of the transverse relaxation time for the 2ap 
nucleus in PBY 1 PBr Cl, PBrCl., and PC1, was determined from 80°C to 
=L06°C, “ine 1/T, values for each species were obtained from measurements 
of the linewidth at half-height of the absorption signal, as described in 
the introduction. The instrument was carefully adjusted to attain 


maximum signal intensity, and radiofrequency values well below the 


saturation level were used, in order to avoid inhomogeneity and 
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saturation broadening. This is especially important for the PBr., and 


PBr C1 Signals which have small linewidths. 


The samples were placed in the probe at the desired temperature 
for 15 min or more, in order to reach thermal equilibrium. For each 
temperature, an upfield and a downfield scan of the whole spectrum, 
and several scans of the PBr..~PBrCl section of the spectrum at larger 
sweep widths were recorded. An average linewidth at half-height in 
cm was obtained for each species. The temperature was measured before 
and after recording the spectra. 

In order to obtain values of linewidths in units of Hz, the 
Spectramnadgcrombescalibrated «an terms of Hz per, cm.)_To,.this,.effect, 

a PBr-PCl, sample was made up in an nmr tube containing phosphorus 
trioxide, PAQGr sealed in a capillary tube. The sample was allowed to 
come to equilibrium, and the spectrum was recorded from 30°C to 80°C. 


The chemical shift of each signal, relative to P,O was measured, and 


4-6’ 


an average value over the temperature range studied was obtained. The 
chemical shift difference between the PBY and PBrCl, Signals was used 


torcalibratesallds thexspectra anpHz perscm. 


Measurement of the ap Longitudinal Relaxation Times 
31 


The reciprocal of the longitudinal relaxation time for the P 


nucleus in PBr Perse), PBrCi. and PCl, was determined from 80°C to 


Be ot 


=LOO2C. Py The 1/T) values for each species were obtained by the saturation 
recovery method, the basis of which has been described in the introduction. 
In order to enhance the signal to noise ratio, the experiments were per- 


formed in a homogeneous field. 
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The measurements were made by repetitively sweeping over the 
resonance Signal with a sweep period of 1.9 sec and a radiofrequency 
field Hy small enough. to avoid saturation. The value of Hy was then 
increased by 40 decibels, and then suddenly reduced to its original 
value, within one sweep through the resonance. The signal was observed 
as it returned to its original non-saturated level. A typical spectrum 
is shown in Figure 3. A semi-logarithmic plot of the difference between 
the final signal intensity, V.. and the signal intensity at time t, Vinge 
against time, yielded a straight line of slope -1/T)- 

The samples were placed in the probe at the desired temperature 
for 15 min or more in order to reach thermal equilibrium. For each 
species, three to six saturation recovery scans were run, the data from 
all scans plotted on one graph, and the best straight line drawn. In 
this manner the reproducibility of the experiments. could be estimated. 

The resonance signals of the PBrCl., and PCl, were Separated from 
each other and from the PBr Cl Signal at all temperatures, thus 1/T, 
values for each species could be determined independently. This was 
also the case for the PBY , and PBr Cl Signals below 40°C. However above 
40°C these two signals could not be scanned separately, and the saturation 
recovery spectra contained both signals. A plot for each species could 
be made easily, however, because of the large difference in their final 
intensity. For temperatures between 40°C and ~30°C, the 1/T, values 
£Or PBY , and PBr Cl were obtained by performing the experiments on each 


signal separately, and on both of them together. Figure 3 gives 


representative spectra for one such determination at 0.3°C. The 
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temperature was measured before and after each set of experiments for 


the species at a particular temperature. 
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CHAPTER III 
RESULTS AND DISCUSSION OF REDISTRIBUTION REACTIONS 
ee a a ee tL Nee OND 
1. Kinetics and Hydrolysis of the PF=PC1., System 


Booth and ror have shown that when PF, and PCl, are allowed 


to react at 350-400°C over several hours, small amounts of PF Cl and 


PFC1, are formed. These authors also indicated that PFC1, was much more 


Stable than PF Cl. One may conclude therefore that either the reaction 


of PF. with PC1, is very slow, or that the equilibrium distribution of 


molecules is very much in favour of the unmixed species. It was of 
interest to elucidate the thermodynamics and kinetics for this redistrib- 
ution reaction. 

It was initially proposed to study the kinetics of the dispror- 


tionation of PF C1 in the gas phase, by measuring the change in intensity 


with time of the bands in the infrared spectrum which are due to the 


28 
ee Bear 


compound PF: Table IX gives the infrared spectra of PF, 3 
Prcig,*>°|pcm "7 


Z Be 


encountered later on. The spectra of all the compounds, except for PCI or 


and of some other phosphorus compounds which will be 


were determined in the gaseous phase. For bands which have a POR 
structure only the frequency of the Q branch was reported, and for those 
which have a PQQ'R structure the midpoint between the Q and Q' branches 
was given. If the four molecules of the PF,-PCl, system are put together, 
there is a considerable overlap of their spectral bands. However, certain 
strong bands are free of overlap and may be used for intensity measure- 


- -1 
ments; these are the 892 cm : and 487 cm bands of PF 41 and: the’ 507.4 


ae band of PCl_. The intensities of these bands were measured as a 
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function of a known quantity of pure PF, or PCl., and were found to 
obey Beer's law individually. - 

Freshly prepared PF C1 was .condensed into an infrared cell, and 
the spectrum was scanned at room temperature for 48 hr. The bands at 
892 cit ¢: and 487 Bink os attributed to the formation of PFs, as well asa 
band at 510 enieak believed to be due to the formation of PC1., increased 
with time. However, the band at 510 cites was a Sharp one, in contrast 
to the rather broad band at about 507 ante obtained for pure PCl.. 


3 


Moreover, in addition to the expected bands for PF_ and PF CL, the 


3 
characteristic spectrum of qeare? centered at 2885 oie a band at 
103.0 om attributable to Sumi and a rather broad band at around 
975 enon were obtained. A mass spectrum of the total sample indicated 
that the main products were PFACl, PP, and HCl. There was no PCL? 
and only minute traces of PFC1, were detected. There were, however, 
several peaks which indicated the presence of one compound containing 
P, F, and O, and another compound Beste tine Pp Ee O.-and?) He Thais 
experiment therefore indicated that hydrolysis had taken place, rather 
than a disproportionation. 

In order to eliminate the possibility of a hydrolysis occurring 
from moisture in the grease around the stopcock on the infrared cell, 
or from imperfect vacuum, PFAC1 was condensed into pace which were 
sealed. After a certain period of time the contents were analyzed by 
either a mass spectrum, or an infrared spectrum, or both. 

Several samples of PF.Cl were analyzed after being allowed to 


2 


react at room temperature for 3 hr, 24 hr, and 3 days. They all 
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contained the same products as were obtained in the preliminary 
experiment mentioned above. That is, the compounds present were PF 31 


HCL, SIF. unreacted PFCl, maybe a trace of PFCLoy and the same oxygen 


containing compounds. The mass spectra of these unknown species indicated 


the presence of molecules having the empirical formulae F P50 and F POH. 


Even samples which were allowed to react for 21 days at room temperature 


gave no indication of PC1.. Because there was always an excess of PF Cl, 


it was concluded that the disproportionation of PF.Cl was extremely slow 


2 


ac ZOOM temperature, af atvoccurred atiall,.and that<it hydrolyzed 
readily with traces of moisture. 

When the PF ACL was hneatedsiat.70°Co forse L2ehrex staid leno dispropor- 
tionation was detected. In an attempt to identify the hydrolysis 
products, a sample of PF C1 wast heated ats hO0l Gs Lornssahr.. yOuvte 


fortuitously, this experiment coincided with other work in the laboratory 


141 
concerning the synthesis and characterization of OPF 5H. When the 


contents of the tube which was heated at 100°C were distilled through 
traps cooled to -95°, -130°, -160°, and -196°C, the product which 


trapped at -95°C was pure OPF_H, as indicated by infrared and mass 


2 


spectral properties identical to those of the directly synthesized 


material. Similar treatment of the other fractions indicated the 
28 
presence of OPF’ 4H anda traces sor HC] ati -230°C; PFA Cl, eS 


and traces of OPF WH and HCl at -160°C; and PF, PFACl, HCl, and traces 


of OPF.H and F POP, at -196°C. The infrared spectra of OPF and 


FPOPF , are given in Table IX. One of the strongest bands in OPF at 


- -1 
892 cm : coincides with a band due to PF, at 892 cm, and another 
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ma he : 
strong band at 510 cm 1S quite close to the band due to Boe ss at 507 


add 
cm . It seems clear now why the presence of small amounts of OPF 4H 


was not identified in the original infrared spectra. 


Before continuing the study of the disproportionation of PF C1, 


it was necessary to elucidate the nature of the hydrolysis reaction 
which had not previously been investigated. 


Nearly equimolar quantities of PF C1 (0.95 mmol) and HO CLS ak 


mmol) were allowed to react at room temperature in a sealed tube for 
24 hr. Analysis of the products indicated a volatile fraction con- 


Sisting only of PF BCT and Sify, and a sticky solid, which was 


3 


3P 03" by its proton nmr spectrum in 


CD.CN, and its mass spectrum. The nmr spectrum showed the expected 


identified as phosphorous acid, H 


pattern of a singlet and doublet with a coupling constant, oe = 699 cps, 


in agreement with that of a sample of commercially available HPO... The 
integration of singlet to doublet areas gave the expected ratio of 2:1. 
The mass spectral pattern of the material was also in good agreement 
with that of a sample of HPO. A similar reaction, allowed to proceed 
for 48 hr gave the identical products. 

Because the products obtained in the hydrolysis of PF C1 with 
trace amounts of water were quite different from those obtained with 
equimolar ratios of water and PFCl, it was of interest to study the 
products resulting from intermediate quantities of water. PF C1 (0.79 
mmol) and HO (0.33 mmol) were allowed to react at room temperature 


for 12 days. The contents were then vacuum distilled through traps 


cooled to -95°, -160°, and -196°C. Analysis of each fraction indicated 
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the presence of OPE Hr PCl 4s and traces of HCl at -95°C; PEOCl, 


PEC PCL OPES H  oncurcraces sO Cl at —160°C ss. “andaPr 


> 2 y) PF Cl; 


a 2 

HCl, and traces of SiF, at 196°C. The oily licuid. lettebehindain 
the reaction tube was HPO... The formation of disproportionation 
products in this reaction was rather unexpected, in view of the fact 
that earlier experiments had shown that the disproportionation of 
PF.Cl did not proceed at room temperature even after 21 days. 


A 


The hydrolysis of PF_Cl with equimolar quantities of water pro- 


2 
ceeded to completion. The stoichiometry of the reaction could not 

definitely be established because of the difficulty of separating the 
HCl and trace quantities, of Sik 


mixtures of PF which are produced. 


Sy 4 
Measurements of infrared band intensities do not give a quantitative 
measure of the concentrations of the products because this mixture 
does not obey Beer's law, even though the individual compounds do. It 
was shown in a separate set of experiments that the concentrations of 
a known quantity of PF, and HCl in a mixture were consistently larger 
when calculated from the intensity of their infrared bands. 

From the above, it became clear that the disproportionation 
could be studied only if even trace amounts of water were removed from 
the system. This was achieved by condensing thionyl chloride, SOCl., 
in the reaction tubes, which were then sealed and heated at 300°C 
for 24 hr. After evacuating the contents thoroughly, no hydrolysis 
Of PF CL was detected after heating the PF Cl in such "pretreated" 


tubes. This dehydrating procedure was therefore used for all the 


reaction tubes. 
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When PF Cl was heated at 100°C for 40 hr, no disproportionation 


was detected; likewise, a mixture of PF, and PCL. did not redistribute 
after 24 hr at 100°C. When the temperature was increased to 200°C, 
there was no disproportionation of PF C1 after 24 hr, with only a trace 


of the hydrolysis products,.OPF,H, F POPF ., PF 51 HCI wand .Saik 


> 2 being 


4 


formed; however, the reaction of PF, with PC1, atelO0° Ger Oce24 ain 


yielded a small amount of PF C1 and traces of HCl. When the temperature 


was increased further to 300°C, PF C1 disproportionated after 24 hr to 


give very small amounts of PFCL., and Pel, and the same hydrolysis 


products as for the reaction at 200°C; the reaction of PF, and PCl, at 
300°C for 24 hr yielded only small amounts of PF Cl and PFC1,. At 


even higher temperatures the reaction of PF, and PC1, gave larger 


quantities of the redistribution products, but there was considerably 
more etching of the glass, as indicated by the presence of SIF, and 


PF. It was clear that trace hydrolysis of PF C1 could not be entirely 
eliminated even with rigorous dehydration of reaction tubes with Socl.. 
Water may be picked up from other sections of the vacuum system and 
condensed into the reaction tubes, or it may be difficult to remove it 
completely with chemical treatment to allow the use of long reaction 
times in the disproportionation study. 

These results seem to indicate that ee is kinetically very 
stable. Likewise, the redistribution of PEs and PCL, is extremely slow. 
As a result, little can be said about the thermodynamic stability of 
the PF C1 and PFC1, with respect to that of PF. and PC1,. These 


reactions would have to be carried out over periods of months at 
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temperatures ranging between 200°C and 300°C, in order to obtain an 
equilibrium distribution of products. 


The present studies, moreover, indicated that PF Cl is extremely 


2 


susceptible to hydrolysis. Trace amounts of water yielded the products 


fie Pr OPE Mii hear Orr 


3° 5 5 5! and traces of SIP ji equimolar quantities of 
PF C1 and HAO yielded only HCl, PFs H,PO0,, and SLP yi at intermediate 
TatLtos OL PF C1 to HO the products are HCl, PF, OPF .H, and SIP. wie 


is reasonable to suggest that the first step yields OPF .H and HCl, 


according to the reaction; 


PF CL ae H° =? OPP oH Tene Ls es CETto) 


When excess PF_Cl is present the OPF.H may react with it to form 


2 Z 


FPOPF., and HCl, according to the reaction: 


> Wer HE is i CN hao 
OPF .H + PF C1 FPOPF ( ) 


The OPF 4H may also decompose to yield PF, and HPO,, according, to) (TLL), 
: : 141 - : 
This reaction has been reported to proceed to 92% completion in 14 


days at room temperature. 


PEGS 
30PF H > 2PF, + HPO, ( ) 


Thus, according to reactions (III.1), (III.2), and (III.3), the hydrolysis 


of PF_Cl with traces of water would be expected to yield OPF oH, FPOPF 4, 


2 
PF.) HEY, and HPO... These products agree with the results obtained 
except for H,PO,, whose presence was not detected. On the other hand, 


32.53 


the hydrolysis of PF C1 with equimolar quantities of water would be 
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expected to yield only the products of reactions (III.1), and (III.3); 


OBE Hy, PE 


5 3" HC), “and HePOsi” However; OPF' WH is not detected among the 


5 Ss 


products for this reaction, probably because it decomposes or reacts 
readily with other compounds available. The presence of Sif, inwe Lib 


the reactions studied may be explained by the formation of HF from the 


141 
hydrolysis OF OPF He according to the reaction; 


=e Pp ae isle Wait 4 
OPF .H + 2H,0 Hy 0. ( ) 


The HF then attacks the glass, according to the reaction: 


4HF + 510, A 7 ci 2H,0 . Chie) 
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Pe Kanetic Studies of the PC1,-PBY System 
The only kinetic information on the redistribution-in the PC1_- 
3 
ney ; Se eee 
PB, system is not very specific. Delwaulle and pierce indicated 
that the reaction of PCl, with PBr, at room temperature reached equi- 
é 3 
er : 22 : 
librium in 1-15 hr. Van Wazer and his co-workers have stated that 
the reaction is complete in less than 15 min at 25°C. Even though 
these time estimates were quite different, it was reasonable to assume 
that the kinetics of this reaction could be studied by the change in 
the 2 spectrum of the system with time. The preparation of samples, 
kinetic procedure, and technical aspects of this system have been 
discussed in detail in the experimental section of the thesis. 
Although the reaction of PC1, and PBY leading to the equi- 
librium state is probably a complex one, a study of initial reaction 


rates could reveal the rate law for the reaction: 


ey ; TEESC 
PC1, + PBr PBr Cl + PBrCl, ( ) 


Before proceeding with the description of the experiments carried out 
and the results obtained, it is of interest to investigate some of the 
mechanisms that can be postulated when the order of the reaction is 
determined. 

One possible mechanism would be an ionic mechanism, in which the 
dissociation of PCL. or PBr, into ions is the slow step. It is followed 
by the attack of an ion on an undissociated species or another ion. The 


dissociation of PC1, could be occurring by a unimolecular or bimolecular 


mechanism: 
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A set of analogous reactions can be written for PBY .- The overall rate 
law might be quite complex, but the initial rate of the reaction would 
depend only on the concentration of the rate initiating species, raised 
to the appropriate power. In other words, a rate order of one with 
Yespect to PCl, and zero with respect to PBY., would favour the dissoc- 


lative reaction (III.7), whereas a rate order of two with respect to 


PCl, and zero with respect to PBr would favour the dissociative 


Bescei1on (11i.8) ~O£ course, both PCl, and PBY, may be dissociating, 
but it is the species that dissociates fastest which would be the rate 
initiating species. Also, it would be quite coincidental if both species 
dissociated at the same rate, thereby causing initial rates to be depend- 
ent on the concentration of both species. 

In the liquid state the phosphorus trihalides exhibit very low 
conductivities, indicating that they ionize only to a limited extent. 

144 

Recently Dillon and Waddington have prepared some alkylammonium salts 
of the Boo ion. This is the first example of a negative halogen ion 
of the phosphorus trihalides. No evidence for the existence of positive 
ions of trivalent phosphorus, such as PBr,, has yet been reported. 

Another possible mechanism for the reorganization reaction would 
involve the formation of a radical in the rate determining step. The 


radical formed would then react by attacking a free molecule or another 


radical. Reactions for the dissociation of PC1l., into radicals may be 
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written in the same manner as for the dissociation of PCl., into ions: 


tee a i SD) 


Ww 
4 
N 


2s Sil het adler (III.10) 


A study of initial rates would indicate whether the PC1, or the PBY , 


species is rate initiating. A differentiation between reactions (III.9) 
and (III.10) would be made on the same basis as for reactions (III.7) and 
(III.8) in the ionic mechanism. In fact, chemical methods would have to 
_be used to differentiate between an ionic mechanism and a radical mechan- 
ism, because both exhibit the same kinetics at the beginning of the 
reaction. 
145 ; 
In 1945 Kharash and co-workers proposed that the reaction of 


PCl, with CH,=CHC.H to yield PC1CH,CHC1C 


5 6H13 occurred via the PCL," 


6"13 
: 146 : 
radical. When Pcl, was flash photolyzed the spectrum of the PCl 


radical, believed to originate from a PCl,” radical, was observed. 


14 
5 oe however, did not yield the same 


Z 
The flash photolysis of PBr 


148 : 
product. Recently Kokoszka and Brinckman obtained the epr spectra 


of PC1,” and PCL,” radicals, formed when PC1, is irradiated with a 200w 


ultraviolet light. From the ratio of the integrated spectra of PCl, 


and PC1,” they were able to propose the following scheme: 


4PCl, =e 4PCl,” + 4Cl1° (J Tinta) 


3cl° + 3PC1, se PCl ss ade SOL (Teer) 
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Gls PCl, > PCl, 5 CLE ie) 


ras =. | rh “ oe r _ 
7. - | A | ; Air 


i ax 
cn 

‘je tooaarD ad iat 20 seen aca wits ak 
’ 


s@aot Haiti J 3 ot 
. hae 
z 1 

Ame ed 


(@, 127) . Dit ss oe 
(of. FP) "LOT + 6 ht, 6 = AROS, 


cart i+ vsitedw eseolSar Siomv esens jassaget 
i 


3 ; 
(2.777 SOME a he foci Ts jsitzasips2Th A rit Ped Geng acer 


= ) 
ged 4no2 242 «0 ole oc nivow 
a avant Dive jiSeq Inskasgah .JOuRL | 3a7e sihlie otaes ot t. 
lenkinex ne meinadlven Sie tl Ae es ee ote! tdeetey & 


5 BOLISRIA aWkt oot tite deed Cae 


\ Bh . 
S65 ecitaco beaks 2. © nk yow-oc ors RET 8-196, | apes : 
oS wale 
ik 
, 1 4 


| ‘ a: } ve. | pHa on at HD, el Sie) y¥ ag Tor <1 


. 
ig “nr eanke its bakit Stes teats ane MS 
-bevisedo csw ., [pot bas iw is ater pastoeec al --) 


She eer 
ied od? bist! 908 Bea Hoe S bc ba iswiapii 


Sefooda «qa ‘Siz taeimeth * aarotones brs. ete ctrhat conan 7 
WOOS oe: d3iw bess theres ai. .a8 ‘gat Baeaien? viscosa’ ‘oe 


ei 


* T0520, exs0ege bessxyedas, ads $0 bide: als nT ve 

l seimdas nati oak bid nitogoxa cat odda 
ern, 

\ “BS - 

| 7 : aid _ianb 


90 


If reaction (III.lla) can occur with weak ultraviolet radiation, and 
the PBY., molecule is substituted for the PCl., in treactions«(iili<L1b) 
and (III.llc), then this mechanism could yield the mixed halides. 

The mechanism which is most often favoured for redistribution 
reactions is one which proceeds through the formation of a four-centre 


transition state. For PBY and PCl this is depicted as: 


ek 


The initial step would yield PBr Cl and PBrCl., but the overall reaction 


could be quite complex, since bridged intermediates could ideally be 


formed between any two compounds, thus: 


wd Sa aa 
res ar PCl., a Ppr Cl SF Pprcl, A Cie ) 
PBr,Cl + PBr. > 2PBrCl ; Gite ts) 
2 ay ke 2 
PBC letaeh Ci. so WRB (Clk Clete dea) 
2 3 < 2 


The initial reaction rate law for such a mechanism would be expected to 
be first-order in each of the reactants. There has been no evidence of 
dimer formation between phosphorus trihalides, however, such a bridged 


reactive intermediate might well exist. 

A quick semi-quantitative estimate of the overall reaction rate 
may be obtained from the half-life of the reaction. Therefore, reactions 
will be compared in terms of their half-lives which are reported as the 


average of the values obtained from the change in concentration with 
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time for each species. 

The concentration-time data for samples 1 to 35 are given in the 
Appendix A in Tables AI to AXXXV respectively. These samples represent 
only those for which the reaction was followed to completion. At this 
point, it is pertinent to indicate the accuracy of these results. The 


largest errors are found for PBr Cl and PBrCl. at the beginning of the 


2 
reaction where their relative abundance, compared to PBY., and PC1,, is 
small. It has been mentioned previously that the areas of the nmr curves 
of each species can be read with a precision of +0.5 divisions on the 
integration from the curve resolver. This leads to a precision of 
+0.005 in the values of mole fractions obtained for each species. The 
percentage error is therefore large in the early stages of the reaction. 
However, because spectra were recorded frequently and many values were 
obtained, these errors cancel each other and smooth curves can be drawn 
ee the plots of concentration against time. 

Originally all samples were prepared on a grease-lubricated 
vacuum system. From the measured weight of PCl, and PBr., and their 


respective denemememe = the molar concentration of each species could 


be determined. 

The mole fractions of PC1, and PBY , in samples 1, 2, and 3 
were, respectively: 0.49, 0.51; 0.65, 0.35; and Ossi. Go.vaitrhe 
half-life of the reaction at 41°C was 55, 17, and 4.5 min for samples 
1, 2 and 3 respectively. Since these results were not consistent, 


Samples 4 and 5, containing the same mole fractions as sample 3, were 


prepared. The half-lives obtained, 140 min and 79 min respectively 
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at 41°C, clearly showed that the results were not reproducible. Samples 
6, 7, and 8, prepared on the same day and containing the same amounts of 
PCl, and PB.) reacted with very different rates at the same temperature. 

During the course of preparing the samples, it was noticed that 
the reactants dissolved small amounts of the vacuum system grease 
which ran into the nmr tube. In order to prevent grease from entering 
the nmr tube, a sample was prepared by distilling the reactants into 
the sample tube through a U-tube attachment. This reaction proceeded 
much more slowly than any of the previous ones, in fact reorganized 
products were detected only after 30 min. However, an attempt to 
reproduce this result with a sample containing the same amounts of 
reactants failed; this reaction was even slower. These experiments 
indicated that the presence of grease had a catalytic effect on the 
reaction. A sample to which a small dab of KEL-F #90 grease had been 
added reacted so fast that the reaction had reached equilibrium by the 
time the first spectrum was obtained. This result clearly demonstrated 
the necessity of preparing the samples in a grease-free system. 

One drawback in preparing samples on a grease-free system is 
that the compounds cannot be weighed, and hence the initial molar 
concentration of the reactants cannot be determined. However, the 
initial mole fractions of the reactants may be determined after the 
spectra are recorded and resolved. The initial mole fractions can be 
obtained from the first spectrum scanned, but these results are not 
accurate if the reaction proceeds fast, and the errors are larger at 


the very beginning of the reaction. A much more satisfactory procedure 
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is to obtain the initial mole fractions from the spectrum of the 
Sample at equilibrium. "fhe total chilorine content of ‘the sample, Clie 
can be calculated from the mole fractions of the chlorine containing 


Species according tol (iip, 5) : 


Cl = 3N re 


T PCL "pelea “pcipes, « et 
3 2 2 
where N denotes mole fractions. 
The initial mole fraction of PCl., ANB} , is then given by: 
5) 
iN, ay = c1/3 é ChE.) 
3 
The initial mole fraction of PBY 31 iN pr , 1s obtained by subtraction of 
3 
cr, from unity. 


Initial mole fractions, calculated by the method described above, 
are compared to the values obtained from weight measurements of the 
reactants in Table X for samples 1 to 8. The agreement is excellent, 
confirming the reliability of this approach. If molar concentrations 
are required, they can be calculated from the initial mole fractions of 
PCl, and PBY 4, their molecular weights, their one ee Mare and the 
total volume of liquid. The latter can reliably be obtained from an 
independent calibration of the volume occupied by a certain height of 
liquid in an nmr tube. 

All samples discussed from this point onwards were prepared on a 
grease-free system. Two samples containing the same amounts of reactants 


were prepared, in order to check the reproducibility of the results. 


The reactions, carried out at 60°C, were extremely slow. The reactions 
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TABLE X 
a b vee 
Experimental and Calculated Initial Mole 


Fractions of PCL, and PBY , 


Sample” sabes No er 

expl calcd expl calcd 
1 0.49 0.50 OS Si 0.50 
2 0.65 0.65 0. 35 O35 
3 0.34 0.35 0.66 0.65 
4 0.36 OF37 0.64 0.63 
5 O37 0.38 0.63 0.62 
6 Oa59 0.60 0.41 0.40 
e, 0.58 0.59 0.42 0.41 
8 0.58 0.60 0.42 0.40 


* obtained by separately weighing PC1, and PBr.- 


z Calculated from mole fractions of all species at equilibrium. 


° For equilibrium mole fractions of samples 1 to 8 see Tables 


AIT to AVIIT. 
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were not followed to completion, because the time required to detect 
the products in each sample, namely 10 hr and 19 hr, indicated that 

the problem of reproducibility had not yet been solved, even though 

the bulk of the catalysis had been eliminated. It was clear that the 
reaction rate was considerably slower than had originally been believed. 
The fact that the reaction was catalyzed could be useful in postulating 
the mechanism for the exchange, if the nature of the catalyst could be 
determined. 

The first attempt in the direction of isolating the catalyst for 
the reaction was to make a sample containing a simple compound which 
would approximate the composition of KEL-F #90 grease, ClS(eP Jere ect.” °~ 
Semple 9 containings0.02emnl 11/1 ,2strichloro-1;,2 ,2~Esnif Luoroethane,, 
CFC1.CF Cl, taken directly from a reagent bottle without purification, 
attained equilibrium in about 8 hr at 33°C. This sample, compared to 
the preceeding ones in which the products were barely detectable after 
LOS toelorhr at .o0°C, Ssuggested! that CFCLCFC1 was a catalyst for the 
Yeaction. However, in order to check the above results, two samples 
containing the same amounts of reactants and CFC1.CF,Cl, which had 
been vacuum distilled through traps cooled to -63°C and -196°C, were 
prepared. The choice of traps was guided by the fact that any water 
present in the sample would collect at -63°C, while the CFC1CFC1 
would be trapped at -196°C. The samples prepared from fractionated 
CFC1 {CF Cl did not yield any detectable products within one hour at 


33°C, thereby suggesting that the catalyst was probably water and not 


CFC1,CFCl. 
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Two samples containing duplicate amounts of PC1., and PBY., and 
0.02 ml water were prepared, in order to determine directly whether 
water was a catalyst. At 35°C both samples attained equilibrium in 
less than 30 min, thus illustrating that water is a good catalyst for 
the exchange. 

The above result indicated that sufficient water may be adsorbed 
on the glass to provide a catalytic effect on the redistribution 
reaction. Moreover, in the grease-lubricated system traces of water 
may be present in the grease and may be picked up during the transfer 
of reactants. For this reason, reactions in samples which had been 
prepared on a grease-lubricated system were much faster than in those 
which had been prepared on a grease-free system. For complete removal 
of water, baking of the glassware for several hours is necessary. The 


results obtained from the study of the PF,~PC1 system did indicate 


3 
ete glassware had to be heated at 300°C for 24 hr in order to remove 
the water. It is likely then that some water may still be present in 
samples prepared on a grease-~free system, despite the precautions 
taken, but a uniform surface water concentration is not to be expected. 


Water, when added to the mixture of PCl., and PBY 41 catalyzes 


3 
the exchange reaction. The phosphorus halides are eee to hydrolyze 
to phosphorous acid and the corresponding hydrohalic acid and the 
catalyst, therefore, could be any of the products H,PO,, HC), and .Hery 
as well as water itself. Two carefully dried samples containing the 


same quantities of reactants were therefore prepared; one contained 


0.06 mmol HCl and the other 0.05 mmol HBr. At 35°C no products 
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were detected within 30 min, indicating that HCl and HBr do not catalyze 


the reaction. The question of whether HPO catalyzes the reaction is 


3 


a much more difficult one to answer, because H.PO 


3P 03 is extremely deliques- 


cent, and it is doubtful that it can be obtained free of water. However, 


a sample containing HPO , which had been heated at 90°C for 30 min and 


2 
pumped on for 24 hr, was prepared. The half-life of the reaction was 
approximately 15 min at 35°C. This experiment is inconclusive insofar 
as the HPO, could still have contained some water. 

Although the rates of the reactions of samples containing the 
same concentration of reactants were not reproducible, even when the 
samples were prepared on a grease-free system, it was of interest to 
obtain a lower limit to the half-life of the reaction. Samples 10 and 
ll proceeded with a half-life of 5 days and 3 days respectively at 
60°C. Samples 12 and 13 proceeded with a half-life of 10.7 days and 
0.5 cone respectively at 70°C. It seems ironic that the reactions 
that were carried out at 70°C were slower than those at 60°C. This, 
however, emphasizes again that the catalysis has not yet been completely 
eliminated. The mole fraction versus time plots for samples 10 to 13 
are given in Figures 4 to 7 respectively, for all the. species. The 
plots are representative of most of the reactions studied in this system, 

Because of the difficulty of obtaining an uncatalyzed reaction of 
PCl, and PB, a study of the kinetics of the reaction as a function of 
the catalyst concentration was undertaken. By first determining the 


order of the reaction with respect to the catalyst concentration, it 


would then be possible to determine the order of the reaction with 
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respect to the PCl, and PBY., concentrations. 
In order to determine the dependence of the rate of the reaction 
on the water concentration, the concentration of water is varied while 
that of the reactants is kept constant. For all subsequent samples, an 
attempt was made to keep the concentration of PCl, and PBr, constant. 
The mole fractions of PCl, and PBY 4, as calculated from the equilibrium 
distribution of all species and a constant height of liquid in the nmr 
tube, indicated that this was accomplished with reasonable consistency. 
The water concentration was originally measured by allowing its 
vapour to expand into a known volume, as described in the chapter on 
experimental techniques. Unless otherwise stated, the water was intro- 
duced into the sample tube after the addition of the reactants. Sample 


46 COntainangwO #0803. mmol, HO; .reacted\ witha half-In terol s3saminvat 


Be 
35°C. Water concentrations of 0.0606 mmol and 0.125 mmol caused the 
reaction to proceed i too rapid a rate to be accurately measured. 
Samples 15, 16, and 17, prepared on the same day and containing 0.0132, 
0.0193, and 0.0258 mmol HO respectively, reacted with a half-life of 
Ae aodeye Ane lemarm Gespectively> att) 35°C.»4 ‘The, resultsnof (theses three 
samples were qualitatively consistent with each other, but did not agree 
with the result of sample 13. In another attempt, samples 1s f Lo yrand 
20, prepared on the same day and containing 0.0064, 0.0130, and 0.0193 
mmol HO respectively, reacted with a half-life of 150, 22, and 12.5 
min respectively at 35°C. The results of these three samples were 


certainly not in agreement with the previous ones, indicating that 


again the samples were not reproducible. 


-_ _ ATG rey rea t i 7» A ” ~ a ay eg ee el ee) Pa ee 
, . S0\yen Tweed n j re ; We J 5 


i , ee hb iv. 1” 
= 4 + i th J K te 0) m iA 7 ~ e 
5 Ve ee , wi ihy ) a eer ; 
: : V Ly if 5 ale ar 
sot , ye ae “Ay . hae 
+ 7) aw, mes es ; 
ve) i ee 
m ar caleebepanobion o oie, (oo wi ‘ 
Sone y . 
doLscese ent: 2O S822 ade ro / sakabetg a ‘ent: Sahmmenesh: se sbaa, at 
ne 2" ’ ma 
+ big, BoM y eb! tea Go risky acetone otis aah aa il ef rs 
i 
cm 2a LQnsa) qiStpaaune ELe 3 Sinden gp vt agnstonee & is 2 
Arh F oO 
itesdeiies .aha< Gre baa: tie [nics isis me oe: Bilt goed OF beat 
7 aa fa 
r riche (reek ince CA \ 6 <aG i pera ae > seal 
i rhe 
att ni BeupE LD Bo Site e ee ee ee ee ts Ro. 
Wotetenoo aidtccasex tt) iw Bonehiguges hacia aid? o 
tee a (Bot aoa vrs WALEA TO ear OPP Sarre one. sagen 8 
? Ao erevnk Bedi t58eh: ee ‘op ley drones esas 
i684. sit i betata Seier wlio jesedqul 
Bs 4 agéead~ sit Se. cond She" at aetts a ae Lepemeats gel 
pe nen EE opera aes A. ott bosses ert Lexmm CORRS? § 
» g62( bob ve) Lome Be, hs Dire iets HD Tae soca é 
SUE SM yLoadagted it ee Any s at Stoel se haere 
o ot} ot 
Sele tntadnes is deb ane Pe Fle Linley on 
7 
AG) Sits thy edibept Uiieiehbaer by yt 80 


easyer Se edt “2o" ane hi aSaRe a Miieaaelale win & 7 


semper Jou Bib Sa (sae ie aye ra tend ¥tevEd cataad 


ra 


Bits. , PL 162 
VROL0.0 bus (bs fbr 
a ae’ DAG (see cae 3 . 


my wit ih 


ANB 4 ae 


103 


In all the water containing samples mentioned to date the water 
had been added after the PY, and PCl., in that order. When the samples 
are thawed, the water probably comes into contact with the PC1, prior 
to the PBr., even though the sample tubes are shaken vigorously. 
However, the amount of each reactant that originally comes in contact 
with HO is probably not reproducible. If the nature of the catalyst, 
or the mechanism of the catalyzed reaction, or both of these are differ- 
ent for water attacking PCl., and PBL, then the discrepancies encountered 
above coulda be explained: In order’ to check for this possibility, 
samples 21 and 22, in which water was allowed to react for 2 hr with 
the PBY prior to the addition of the PCl., and samples 23 and 24, 
in which water was allowed to react for 2 hr with the PCl, DETOL ECO 
the addition of PBY + were prepared. Ail the samples contained approx- 
imately 0.0125 mmol HAO. At 35°C the half-life of the reaction was 44 
min and 12 min for samples 21 and 22 respectively, and 89 min and 34 
min for samples 23 and 24 respectively. In view of the non-reproduc- 
ibility of results in identical samples no conclusions could be made. 
However, the results may be due to an inability to control completely 
the quantity of water added by this method. 

In all further samples the water was added by heating a known 
amount of [Co (NH,) HO] Br, as described in the section on experimental 
procedure. This method should yield an accurately known quantity of 
water, which could be introduced in the absence of interfering stop- 


cocks which hamper the transfer. Samples 25, 26, 27 and 28, containing 


.00759- 0.0145, O.0146,"and 0.0215 mmol HO respectively, were 
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prepared. At 35°C ‘their inespective half=lives were 36, 86; 2085, and 
15.5 min. Sample 26 seemed to be out of order with respect to the 
other three samples. The experiment was repeated by preparing samples 
20, 20, and Si) centaiming 0700796 ,CO T0147 neandu07.0213 mol HO re- 
spectively. At 35°C their respective half-lives were 14.6, 11.3 and 
14.3 min. Even though the results for samples 28 and 31 are in agree- 
ment, no other correspondence is observed. It may be worth pointing 
out that the reactions in general proceed faster in the samples pre- 
pared by adding water from the complex than in the corresponding samples 
to which water was added by the volumetric measurement of its vapour. 
This may indicate that not all of the expected quantity of water was 
being added by the volumetric method. 

Finally, four samples, all containing approximately 0.0146 mmol 
HO, were prepared in which the water was allowed to react with one of 
the reactants prior to, the additionuof& theyothen-reactantes )-in;, samples 
32 and 33 the water was allowed to react with PCl, for eZ) hr, sanden 
samples 34 and 35 it was allowed to react with PBL, Lous Nesp Samples 
32 and 33 reacted with a half-life of 75 min and 125 min respectively, 
while samples 34 and 35 reacted with a half-life of 16 min and 30 min 
respectively at 35°C. In this set of experiments again identical 
samples did not yield duplicate results. The reactions in which water 
had been allowed to react with PBr, proceeded much faster than those in 
which water had been allowed to react with PCl,. However, in view of 
the non-reproducibility of data, no conclusions can be drawn. 


The mechanistic possibilities mentioned at the beginning of this 
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chapter cannot be tested, because the rate law for the PC1.—-PBr 
reaction was not obtained. It was found that the reaction was 
catalyzed by water or one of the products of the hydrolysis of the 
reactants. It was not possible to determine the order with respect 

to the catalyst, nor was it possible to determine the order with 
respect to the bere because of experimental difficulties en- 
countered. However, an attempt was made to determine the order of 

the catalyzed reaction by graphical methods. The first-order plot of 
in Ny N, against t, where Ny is»the mole fraction of a particular 
species at a particular time, t, and N. iS ‘the mole. fraction ,or, that 
species at equilibrium, was constructed for each of the four molecules 
in a kinetic.run. The success of this first attempt was overwhelming. 
Of the 35 samples whose reactions had been followed to completion 30 
gave first-order plots over 90% of the reaction, for all species. 
Although the order of the reaction with respect to the catalyst is 
still unknown, the rate determining step in the formation or decomposit- 
ion of a particular species is first-order in that species, for all the 
molecules. 

The first-order plots for the species in samples 10 to 13, which 
were the slowest reactions studied, are given in Figures 8 to ll re- 
spectively. They are representative of all the first-order plots 
obtained. For all those samples that obeyed this simple first-order 
scheme the half-life was obtained from the first-order plots. The half- 
lives of all the species in all samples are given in the Tables AI to 


AXXXV, together with a statement as to whether or not the species 
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Figure 8: First-order plots for the PC1,~PBr, reaction in sample 10 
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Figure 11: First-order plots for the PC1,-PBr, reaction in sample 13 
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concentration obeyed first-order kinetics. 
A review of all the half-lives obtained indicates that for most 
samples the half-life of PBY, is the same as that of Ppr Cl, while the 


Dati=-Lite on PBrCl., is the same as that of PCl.. In all of these 
samples, the two sets of half-lives are different by less than 20%, 
and for most of them by less than 10%. 

The simplest kinetic scheme that can be written is one in which 
one molecule of one species reacts with the catalyst C, to yield one 
molecule of another species. The catalyst may not be the same for each 


reaction, but its total concentration is constant throughout the reaction. 


If only one halogen atom is exchanged, then there are three possible 


reactions: 
Lh 
PCl., ap ee PBrCl., ar (G ; (DET 7) 
-1 
Ko 
=< + WACIE 6 ALS 
PBY, + C < PBr Cl ayer ( ) 
-2 
k, 
—_- + iS Bed li, 
PBrCl, + C PBr Cl E ? ( ) 
oe 


Ideally all these equations should be written to indicate that the 
reactants form a reactive intermediate X, which then decomposes to the 
products. However, because the steady-state approximation can be 
applied to the formation of X, this step can be omitted. The rate 
law for each species, derived on the basis of equations (III.17) to 


(lit. 19) ers aivien mane (iitacd), to (111.23): 
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“A [PCl] fat k, [c] [Pcl] = k_, [cl [PBrcl.] 
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lI 


~a [PBr.] /dt ky [C] [PBr.] - k_, [C] [PBr cl] ; 


d{[PBrcl.] /dt kj [c} [Pcl] = k_, tcl [pBrcl.] - 


k_, [fC] [PBr Cl] - k,{C] [PBrcl.] ; 


d[PBr Cl] fat = k,[C] [PBr.] - k_,[c] [PBr cl] + 


PerCleercds leat ICI (Pars cl] 


ee: 


(a0) 


Cli ts2Z1) 


Cliiee22) 


Clit 3) 


In order to maintain chemical balance the following relationships must 


hold: 


[Cl] ,, 3{PCl,] + 2[PBrcl.] + [PBr Cl] 


[Br], 3{PBr,] + 2{PBrCl] + [PBrcl,] . 


(III .24) 


(ithe) 


The terms [Cl],, and [Br], Genote the total concentration of chlorine and 


bromine atoms. 


The integrated form of (III.20) is obtained by first substituting 


for [PBrCl.] £LrOM Chica: 


1 
~a[PCl.]/dt = k, [c] [Pcl] = > k_, fel (cl, + 


3 1 
= k_, {cl [Pcl,] + 5 k_, [cl] [pBr,cil 


By grouping terms together this can be simplified to: 


(Tit.20) 
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eRe Clipes (Perec) 7. (III.27) 


The second term in the rate law can be simplified further with the 
following approximation: 


[Cl], = [PBr Cl] = Kee : aie) 


However [Cl], a 3[PCl,] 0. where [PC1 1, is the initial concentration of 


PC1., hence equation (III.27) reduces to: 


3 
“d[PClJ/at = (k, + > K_,) tel [pel] - 


3 
en ea (SNe etic ernest (III. 29) 


3 : 
T£ the substitutions ky! = k, [Cc] and Ky = 5 kL, [C1 are made in the 


above equation, then: 


“da [Pcl] /dt EO SS © k_, Pcl] = k_, fPcls) : CELT 23Q) 


at 


macegration OL (11) 230) Vvields: 


k,*[Pcl,] 5 
Oe eth (JR pe ioe) tan (Tes a) 
1 t a 1 iL -1 
(k)' + k_,') [Pcl] - k_,‘[Pel,], 


This equation can be simplified by introducing the equilibrium concen- 
tration [Pcl], which is derived by setting ~d[Pcl,]/dt =O, a 


relationship which applies only at equilibrium. Thus, at equilibrium 


equation (III.30) states that: 
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1 t+ By )[PC1.] =k, [Pcl], : (LIES32) 


The expression for [PC1 1. is then given by: 


k ' 
= 
: [PCL] . CLT 33) 


- er aac RR 
di fle 
Sh) ei 


[PC1,]. = 
Equation (III.31) can then be written as: 
[PCl1.1 0 = [PCl.] . 


in STE eel = (Kk)! + kt . (FLILS34) 
3 3°e 


This is the integrated form of a first-order process with an effective 
rate constant (kK) ° + koe which can be obtained from a plot of 
An([PC1,]-[PC1.] .) against time. 

The integrated form of the rate equation for PBY. is obtained 


analogously to that for PCl.- In this case, substitution for [PBr Cl] 
an (TTI.21) is made. from (III.25).. The second term in the rate law thus 


obtained is simplified by the approximation: 
- x . LPI, 35 
[Br],, - [PBrCl,] [Br], ( ) 


Proceeding in exactly the same way as for PCl., the first-order integra- 
ted rate equation is derived: 


[PBi aie “bees | 
30 3c ) (ke CE REE et) EO < (TLE. S6) 


a ns 
[PBr.] - [PBr.] 2 2 


The effective first-order rate constant, (k,' + k4')s is obtained from 
ae pLocco. 1n({PBr,]-[PBr.] |) against time. 
The only approximations that were necessary in the above deri- 


vations were those in (III.28) and (III.35). Obviously this approx- 
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imation is very good at the beginning of the reaction and gets 
progressively worse as [PBr Cl] and [PBrCl.] increase. Both 
approximations are equally good when the initial concentrations 


of PBr., and PC1, are the same. The majority of samples prepared 


contained-—initial concentrations of PBY, and PCl., in the ratio of 


0.4 to 0.6. For these samples, the approximation that [Cl] ,,-[PBrcl] = 
[Cl], is much better than the approximation that [Br] ,-[PBrcl.] = [Br] 


because [Cl], is larger than [Br] ae and [PBr Cl] is smaller than 


[PBrcl.]. Nevertheless, even for samples with the largest differences 


in the initial concentration of PBY, and PCl,, the worse of the two 


approximations yields a value which is less than 30% different from 
the true value, after the reaction has proceeded to 90% completion. 
There is no easy way to obtain the integrated forms of the rate 


equations for PBr Cl and PBrCl.- However, the experimental evidence 


indicates that both the PBrCl, and PBr Cl obey first-order kinetics, 


and that in fact more often than not the half-life for the reaction 


of PBrCl, is the same as that for PCl,, and the half-life for the 


reaction of PBr Cl is the same as that for PBY.- Tf the terms 


containing k, and k 3 in -equatvons (LLh.22) sand (ia 23) 7 LOnetne 


3 


rate laws of PBrCl, and PBrCl, are small compared to the terms 


containing k and k_ 


and k 1! Oba k then equations (III.22) and 


iL 2 2! 


(TLE. 23) simplify ttoytherequations: (111.20) sand #(@111.21) respectively- 
In other words the rate of formation of PBrCl , is equal to the rate 
of disappearance of PC1, and the rate of formation of Ppr Cl is 


equal to the rate of disappearance of PBY ,° 
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d[PBrcl,] /at = ~A[PC1.] /dt; d[PBr,C1] /dt = ~d[PBr.] /at F Git .3°7) 


Another way of looking at this result is that reaction (111.19), which 
involves the interconversion of PBECL, to PBrCl, is) Ansignizrcant 
Compared LO Teactions (111.17) and (111.18). In any case, the above 
rationale explains the experimental observations satisfactorily. 
Having attempted to elucidate the rate law of the catalyzed 


reorganization in the PC1..-PBr system with respect to all the species 


3 
involved, some possibilities as to the nature of the catalyst should 
be investigated. Experiments indicated that there is a marked increase 
in the rate of the reaction on addition of minute amounts of water. It 
is estimated that a total concentration of approximately 10.7 M in 
reactants is catalyzed by a concentration of water of less than 0.03 M 
to such an extent as to cause the half-life of the reaction to decrease 
from nearly eleven days at 70°C to less than two hours at 35°C. Hence, 
the nature of the catalyst could be of major importance. 

The catalyst could be the water itself or, since the trihalides 
are easily hydrolyzed, one of the products or intermediates of hydro- 
lysis. Most of the work on the hydrolysis of PCl, and PBr., has been 


carried out with excess water, the products being the corresponding 


hydrohalic acid and phosphorous acid: 


> + 3HX XMSNCL Spr) aa; (1 EE. Ss) 
PX. + 3H,0 HPO, ( 1 


However, Biase a indicated that a more complicated acid HPO. 
(diphosphorous or pyrophosphorous acid), was also formed. Goubeau 


and 2 ie showed that in excess PCl, the products of hydrolysis 
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are, HCl, H,PO,, and H,P,One together with some POC1, and a compound 


which analyzed for P,O, and was termed phosphorus suboxide. In order 


4 


to explain the presence of POC], and PAO, the authors postulated the 
formation of PC1.OH by the ‘partial hydrolysis of PCl.. The PC1OH 


can then disproportionate according to the equation: 


9PC1OH Tg SPocl, + P,° EeSHC I st 3H,0 . (Tis. 39) 


In fact, the authors postulated that the H PO, was formed by rearrange- 


3 


ment of P(OH) ,, which was in turn obtained from the reorganization of 


PC1.OH, according to the equation: 


3PC1,,OH 2 P (OH) , a2 2PCl., . (III.40) 


The stepwise hydrolysis of PCl., to give PCL OH, PC1(OH) 54 and finally 


ea oe : 
HPO, had been postulated first by Voigt to explain the three breaks 


obtained in a plot of the temperature elevation in ether solutions of 


PCL. as a function of the volume of water added. The breaks corre- 


sponded to the addition of 1, 2, and 3 moles of water per 1 mole of 


PCl.- Care had been taken to saturate the PC1, solutions with HCl in 


order to exclude the possibility of the temperature elevations being 

caused by the dissolution of the HCl, formed during the hydrolysis. 

The postulate that halogenated intermediates are formed in the hydro- 

lysis of PCl, is not unreasonable, in view of the fact that there is 
: ; : £55 

evidence for such intermediates in the hydrolysis of PF: Phe 

series of papers concerned with the study of condensed phosphorous 
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nature of the formation of H,P50, from the reaction of PCL, or PBr, 


with HPO. The authors established that this reaction occurs 


reversibly: 


BHO EO tee SH PPO 3HX (KX -=8Cl, Br) 


Ba 8 3 NDS . (DEL a1) 


Moreover, it was shown that the equilibrium is displaced to the left in 
the case of PBY 37 in contrast to the PC1., case, in which the equilibrium 
is displaced to the right. This difference is due in large part to the 
ereacervsolubiiity *of-HBr’than“HCl iin. phosphorous acids. Tt Xs worth 
mentioning at this point that PCl. and PBr. are only slightly soluble 


S 3 


in the H,PO,-H,P.0, mixture, and that two distinct phases are formed. 


The hydrolysis of PCl, or PBr, is clearly complex, and more 
work in this field is needed in order to clarify it. No rates have 
been reported for these reactions, although it appears that PBr, 
hydrolyzes more rapidly than PC1.. In two separate experiments in 
which a small amount of water was allowed to react with large amounts 
of PCL, or PBY in a sealed tube, the reaction seemed to occur within 
a few minutes, and a distinct, oily liquid was formed as a separate 
phase. § For?Fthis*reason, it is unlikely that the catalyst for the 
reorganization of Pcl, with PB, would be the pure water. In fact, 
if water were the catalyst, the rate of the reaction would decrease 
with time as the water concentration diminishes, due to hydrolysis. 
This is not consistent with the experimental results, which indicate 


a uniform behaviour throughout the reaction. This narrows down the 


catalyst to one or more of the products of hydrolysis, still a rather 
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large choice. The HCl and HBr, however, can be eliminated on the 
basis of experiments in which these compounds were added to the 
reactants without causing a detectable increase in the rate of the 
reaction. Finally, unstable intermediates such as PC1.OH and PC1 (OH) , 
or PBr OH and PBr (OH) ,, as well as the phosphorous acids should also 
be considered as potential catalysts. 

eo Weey shail k not completely clear why reproducible samples could 
not be made. None of the experiments performed to answer this question 
were conclusive. It is possible that the minute quantities of water 
are not being added quantitatively. In addition, it is possible that 
the catalysis may be heterogeneous because the reactants are not 
miscible with some of their hydrolysis products. 

An interesting case of catalyzed reorganization on phosphorus 
when coordinated to platinum has recently been Asorteaan The. co= 
ordination complex, cis[(CH,) ,NPF,],Ptcl, is formed from (CH) NPF 


2 


and PtCl, at 60°C. However, on prolonged heating with excess (CH) ,NPF., 


the phosphorus ligand on platinum undergoes reorganization, whereas the 


(CH,) ,NPF., ligand does not reorganize under the same conditions in the 
absence of Ptcl.: 
i ] .PF CL +: 2PP : LiL.42 
Siew er tel cis{[(CH,) ,N] ge ie cl, i ( ) 


This result is also obtained when the initial complex is allowed to react 


with excess (CH,) ,NPF The authors postulated a mechanism whereby a 


2° 


coordinates to the cis[(CH,) ,NPF,],ptcl 


third molecule of (CH,) .NPF 3 


2 


to form a five-coordinate intermediate. This undergoes exchange of 
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substituents on phosphorus and subsequently loses PF Although 


eke 
this reaction is not an exact analogue to the present case, it does 


indicate that exchange may be favoured by a catalyst which brings 


the ligands close together on a site. 
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3. Equilibrium Studies in the PC1,~-PBr , System 
The equilibrium constant for the reaction of PCl, with PBr, to 


yield PBr Cl and PBrcl, is given by the expression: 


K = [PBr C1] [PBrcl,] /[PC1,] [PBr.] : (IIIT.43) 


A preliminary study indicated that the value of the equilibrium constant 
was 4.5 at 35°C. The value quoted by Fluck and co-workers“? Wash? -at 
25°C. This discrepancy prompted a systematic study of the equilibrium 
constant, and its variation with temperature. 

All the studies on the value of the equilibrium constant were 
Carried out on samples that had pees used for kinetic investigations. 
In fact, the infinite time measurements of kinetic runs provided a 
large number of data at 35°C. The results are given in Appendix B in 
Tables BI to BVI, which contain the data for the equilibrium constant 
at OC ao i Cee Ca 50°C, wand. /OCG. respectively. ~The ,upper slam 
of the temperature used was determined by the fact that above 70°C 
the signal-to-noise ratio of the nmr spectrum became rather small, and 
the lower limit by the fact that the reactions took too long to equi- 
librate below 35°C. 

As in the kinetic studies, the concentration of each species 
at equilibrium is given in units of mole fraction. Two or more scans 
at equilibrium were taken in order to obtain average mole fractions, 
from which the equilibrium constant was calculated. In Tables BI to 
BVI the range for the value of each equilibrium constant is indicated 


rather than the error for that value. This is given by the smallest 
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and largest value of the eee Pn constant, calculated from the 
individual scans. 

The average equilibrium constants for each temperature, computed 
from all the values obtained, are given in Table XI. Again the range 
on each equilibrium constant is given by the smallest and largest value 
in the list. The variation of the equilibrium constant with temperature 
is quite small. 

The relationship between the equilibrium constant and the thermo- 
dynamic paramaters for a reaction have already been given in the intro- 


duction: 
e) O 
lnk = -AH/RT + AS/R . (PIT. 44) 


BepLOt Of, Jikuagainst: 2/1, iin ot should yield a straight line, whose 
slope and intercept are given by -AH/R and AS/R respectively. Figure 12 
is a semilogarithmic plot of K against 10°/T for the values in Table XI. 
The vertical lines indicate the range for the equilibrium constant at 

each temperature. The data were fitted to equation (III.45) with a non- 


162 
linear least-squares programme. 


K = exp (-AH/RT) exp (AS/R) ; . (III.45) 


The best-fit values of the equilibrium constant are given in Table XI. 
From the slope and intercept of the line, the values of AH and As’ are 
956 cal mol ~ and 5.93 eu respectively. By drawing lines of maximum 
positive and negative slope, encompassing the entire range of egui- 


librium constants, the lower and upper limits for the enthalpy change 
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Variation of the Equilibrium Constant with Temperature 


for the PC1,-PBr., System 
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3 -1 a b 
Le at @ IG) /AaB( 23K A 
me) 7ak ) oe oped eeeCa 

Zo 

35:30 325 4.06 (39298 54565) AeAa 

Bae 3222 4.09" (3.942 274.80) 4.20 
alah 

40.5 Bako 4239 (30S 62) DOS) Arai, 

50.0 3620 ATP (4.17 te nth) AVAa5 

60.0 Se OO 4.62> (3:.68-s> 5.14) 4.67 

70.0 Deon 4.78° (S26) 2 451, 34) 4.86 

a 


This refers to the number of samples whose equilibrium constants 


were used to obtain the average value. 


From a least-squares fit analysis. 
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Figure 12: Temperature variation of logK for the PC1,-PBr, system. 
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and the entropy change are obtained. Hence AH = 956 (1255 2445 )eeca td. 
mol’ and AS = 5.93(-0.96 + 10.47) eu. 

The results indicate that the reaction is only slightly endo- 
thermic and that, within the range of values obtained, it can be 
considered essentially thermoneutral. This reaction is therefore very 
close to being a random reorganization reaction. The equilibrium 
constant for the random reorganization of this system, calculated from 
the statistical distribution of all the species, is 9. The equilibrium 
constant of a random reorganization reaction is governed only by the 
ASTR term, hence ne 4.37 eu for K = 9. The experimental value of 
5.93 eu obtained for this system agrees quite well with the value 
calculated for random reorganization. 

The thermodynamic functions in the temperature range 200-2000°K 


3° PproCl, and PprCl.. The cal- 


163 
have been calculated LOL PBY 4, PCl 
culations have been made for the ideal gases at one atmosphere pressure, 
Onrthe basis of a rigid rotator and harmonicvoscillator model.) At 300°K 


the enthalpy functions, (Homey /24 hops PBY 1 PBrCl, PBrCl., and PCl, 


Bre 14021 1308113. 32) "and 22 79"'cal oie Ese respectively. The 
corresponding entropies, cee are 83.02, 82.56, 79.74, and 74.44 eu 
respectively. 

The enthalpy and entropy changes for the reaction of PBr, and 
PCs €O give. Per Cl“and PBrCl, are calculated to be 39 cal ole and 


3 2 


4.73 eu respectively. Again, these values are within the error range 


of the experimental values. 


The reason for the discrepancy between the equilibrium constant 
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obtained in this study and that quoted by Fluck and Boeri ones is 
probably due to the difference in the techniques used to determine 
the mole fractions of the species. It is believed that the figures 
quoted in this study are the more reliable ones, in view of the 


technique used and the number of determinations made. 
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ie 
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4. Kinetic Studies of the CF,PC1,—CF.PBr , System 


The redistribution reaction of CFPBr., and CFPCL. has not 


been investigated previously. This project was originally undertaken 

in order to investigate the effect of substitution of one of the 

halogen positions in P(III) halides on the kinetics of the redistribution 
reaction. Preliminary experiments indicated that the reaction could be 


Be) 


followed by the change in the F nmr spectrum of the system with time. 


The preparation of samples, kinetic procedures, and technical aspects 


in this system are similar to those for the PCl.-PBr 


3 3 system, and have 


been discussed previously. 
The reaction of CFPC. and CFPBr., coming to equilibrium is 


simple in that only one product is formed: 


4 . III.46 
CFPCl. ot Cr PRY, Z 2CF,PBrcl ( ) 


The (CF) groups do not exchange, as evidenced by the absence of 


(CF) ,PCl, (CF) ,PBr, and (CF) ,P. This was also proved by mixing 


equimolar quantities of (CF) PCL and (CF) .PBr in a sealed nmr tube. 
After one year at room temperature no new products were detected. 
The er chemical shifts and P-F coupling constants for CF ,PBr., 


(6 = 67.8 ppm; J = 69.6 Hz) and CF PCl, (= "720 puny wl = Pees) on 


3 


164 19 . : 
CFC1, solution have been reported. me “F chemicas shirts and P-i 


coupling constants were determined for CF.PBr,, (> = 67.8 ppm; J = 69.5 Hz), 
CF ,PBrCl (d = 70.0 ppm; 3 = 74.5 Hz) and cFPCl, (> = 72.0 ppm; 


J = 80.5 Hz) in a mixture of these three compounds in the neat liquid. 


All values of chemical shifts are upfield relative to CFC1,. 
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Because there is only one reaction leading to the exchange 
of substituents on phosphorus, as represented by equation (III.46), 
the kinetics of this system can be studied over all the reaction. 
Hence), Che halfi-lite ofrarreaction is itruly the half-hife,.of weaction 
(III.46). Therefore, the study of the exchange between CF_PCl, and 


3 2 
CF,PBr, is much simpler than that between PCl., and PBr,. Preliminary 


3 2 3 3 
experiments on samples which had been prepared on a grease-lubricated 
system indicated that the reaction had reached scuiiac tte in a few 
hours. The systematic study of the reaction was started after it had 
been established that water was a catalyst for the exchange between 
PCL, and PBY,, thus all the samples studied here were prepared ona 
grease-free system. 

The concentration-time data for samples 1 to 6 are given in 
Mppend*@xge in Vables CietolCVierespectively. Since the reactants 
cannot be weighed, their initial molar concentrations are unknown. 
However, these may be determined from the spectra of the sample after 
they have been recorded. Initial mole fractions can be estimated from 
the first spectrum scanned, but the results are not accurate if the 
reaction is fast. A much better method is to calculate the. total 
chlorine content of the sample, Clie from the mole fractions of the 


chlorine containing species in a spectrum of the sample at equilibriun, 


according to: 


Cl. = 2N +N (TT. 47) 
dh CFPCl., CH EBL ’ 


where N denotes mole fractions. 
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The initial mole fracti ES CE, PC i i : 
n e acEron .© 3 lee Nop PCL! is then given by 
3 2 
iNop pc]. Cl /2 : (LET. 4S) 
S) 2 , 

The initial mole f ti EF i i i 

enanitiLa ore Tract vonsok”C eos mee Par. is obtained by 

bt i Lty. 
subtraction of enehancily from unity 


Molar concentrations of the reactants can be calculated from 
their initial mole fractions, their molecular weights, their densitiés, 
and the total volume of liquid. Since the densities of CFPCl. and 
CFPBr., have not been reported, they were determined from 20°C to 69°C 
in ten degree intervals. The variation of the density with temperature 
is, given in Tabhe XII, for CFPC1., andnTable-XIIT;, fon CF PBr.. 

The first experiment performed on this system was designed to 
find out if water had the same catalytic effect on the CFPC1.-CFPBr 


exchange as it had on the PC1.~-PBr., exchange. Sample 1, containing 


seg teenie quantities of CFPCl, and CFPBr., reacted with a half-life 

of 65 min at 40°C. Another sample, prepared on the same day as sample 1 
and containing the same quantities of reactants and 0.01 ml water, 
reached equilibrium within 25 min at 40°C. This experiment indicated 
that water or the products of the hydrolysis of the compounds were 
catalyzing the reaction. Thus, the same problems that had been 
encountered for the PC1,—PBr, system were probably present in the 


CF PC1,-CF,PBr., system. 
Next, the reproducibility of results in the absence of added 


water was checked. Samples 2 and 3, each containing the same amounts 


of reactants, were prepared. However, the half-life of the reaction 
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TABLE XII 


Variation of Density with Temperature for CF PCL, 


ey vp" Height Volume’ Weight’ Density 
(mam) (cm) (m1) (g) (g mi”) 
20.15 elope) 4.697 0.1942 0.3055 PL57s 
29.90 520 4.760 0.1968 0<3052 Veoow 
39.40 157 4.841 O27 2002 0.3047 522 
SL 200 1114 4.934 0.2040 0.3041 1.491 
oh ads) 1445 4.994 0.2065 0.3035 1.470 
69.35 2026 5.064 0.2094 0.3026 1.445 
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Tog? P ="42229 + 14750 logT! —. 0. 002743T -1d516/1. 


5 Height of tube is 10.60 cm. 
~ The volume occupied by 1 cm of liquid in the tube is 0.04135 ml. 
i The original weight of the liquid, 0.3063 g, is corrected for 


the amount that goes into the vapour. 
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TABLE XIII 


Variation of Density with Temperature for CF_PBr_- 


a en Ot pew wees SY FO ee £29 9. VOTE Creme red. ss) 
mGoC) vp" Height” Volume Weight Density 
(1mm ) (cm) (mi) (g) (g m1”) 
20-85 64.4 dit] 36 0.0718 0.1607 2238 
30.00 96.2 8/7 53 020725 0.1606 2 2n5 | 
39.40 143.0 La/6s8 O00 73a 0.1604 | 2.194 
48.90 208.2 1.784 O20 738 0.1602 2 Pl 
5O 420 BOS <2 e705 0.0742 0.1598 2.154 
69.00 429.0 kee318 0. 07.52 O hS94 2 el20 
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fog) = S.oo19 - OsO0Z061 + 1275 Llogl = 1£694.74/7T, 


B Height oL tube is 8.92 cin. 
. The volume occupied by 1 cm of liquid in the tube is 0.04135 ml. 
¢ The Original wernt of the liquid, O.1610°g, is "corrected for 


the amount that goes into the vapour. 
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was approximately 11.5 hr for sample 2 and 104 min for sample 3 at 
42°C. In another set of experiments three samples, containing the 
same quantities of reactants as samples 2 and 3, were prepared. 
Samples 4 and 5 reacted with a half-life of 43 hr and 48 hr respec- 
tively, but sample 6 attained equilibrium within a few minutes at 42°C. 
No further attempts were made to obtain reproducible results. 
and the lower limit of the half-life of the reaction is quoted as 48 hr 
at 42°C. The reaction was not studied as a function of water concentra- 
tion, nor was any attempt made to isolate the specific catalyst involved 
in the reaction. 
An anomaly was noticed for the reaction in sample 4. The results 
indicate that the reaction had attained equilibrium in 1.5 days since no 
change was observed for 29.5 days after that period. However, the equi- 


Hbrium constant fori the reaction of CF_PCI., with CF PBr,“to ‘yield 


3 Z 3 Z 


CFPBrCl is considerably lower than the average value, obtained from 
other samples. The value obtained for sample 4 was 2.26, whereas 

other samples indicate that the value lies between 2.64 and 2.99 at 
42°C. The same anomaly is indicated for sample 5, whose reaction seems 
to have reached equilibrium in 14.8 days. The concentration of the 
species remain the same after 31 days, but the equilibrium constant is 
2.16. This is a large deviation, in view of the accuracy with which 
the equilibrium constant for this reaction can be determined. Because 
this discrepancy was only noticed for the slowest reactions studied, 


the most likely explanation that can be given is that the catalyst has 


been consumed by some other reaction. 
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Similar mechanistic arguments to those discussed for the PBY .~ 
PCl, exchange can be applied in an analogous manner to the CF PC1,- 
CFPBr., exchange. However, the chemistry of these compounds is quite 
new and little evaluation of the possibilities of ionic, radical, 
or bridged mechanisms can be made. 

In order to check for the possibility of the reaction being 
first-order with respect to each species, as was observed for the 
PCL,~PBr, exchange, the analogous first-order plots were made for 
all the samples. Unlike the PC1,-PBr., system, only one sample obeyed 
first-order kinetics. The integrated form of the rate equation for a 
reversible second-order reaction as written in equation (III.46) has 
been eo iedaes The necessary plot required to give a straight line, 
if this mechanism is obeyed, was performed for the data of two samples. 
Sample 3 gave a straight line, while sample 1 did not. Not much faith 
is placed in this plot, because it is extremely sensitive to very small 
changes in the value of the equilibrium constant. 

Catalysts of a similar nature to those of the PC1,-PBr, system 
could be involved in this system. The hydrolysis of CFPC1, and CFPBr., 


’ 168 
yield the corresponding hydrohalic acid and CFP (OH) .? 


+ 2HX X-sue Ls cer wee. (LET; 49) 
CFPX,, + 2H,0 > CF..P (OH) 5 ( P 


Although the water is immiscible with the reactants, the hydrolysis 


proceeds to yield a homogeneous solution. 
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5. Equilibrium Studies in the CFPC - Cr PBr, System 


The equilibrium constant for the reaction of CFPCL., with 


CF ,PBr, to yield CF PBrcl is given by the expression: 


2 
K = [CF PBrCl] JI(GE PBr] [CF PCl.] . CELL.50) 


3 3 


No value for this equilibrium constant has been quoted to date. 

The variation of the equilibrium constant with temperature was 
studied for a sample that had been prepared on the grease-lubricated 
system. The reaction in this sample had proceeded to completion in a 
few hours at 25°C. The equilibrium constant was determined for 
increasing temperatures and decreasing temperatures several times. 

The temperature ranged from 25°C to 60°C. Additional data was obtained 
from the infinite time measurements of kinetic runs at 42°C, 

The results are given in Appendix D in Tables DI and DII. Two 
or more scans at equilibrium were taken in order to obtain average mole 
fractions, from which the equilibrium constant was calculated. The 
error on each value is indicated by the smallest and largest values, 
calculated from the individual scans. 

The average equilibrium constant for each temperature, calculated 
from all the values obtained, are given in Table XIV. Again, the range 
of each equilibrium constant is given by the smallest and largest values 
anvthe: List. 

The semilogarithmic plot of K against 10°/7, from which the 
thermodynamic parameters Aw’ and AS’ can be obtained, has been explained 


system. This plot for the CFPC1.-CF.PBr 


in detail for the PC1,-PBr 5 
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TABLE XIV 
Variation of the Equilibrium Constant with Temperature 


f F = 
or iGhe “Cc 3PCl. CFPBr., System 


3 = 
T(°C) 10°/T(°K -) Ave Ko = Whe 
254.0 3neG Dagpaes S8ac- a7 9) ee 
30.0 3.30 nit QkG avOh7e) 2.77 
40.0 2819 D496 (2.76293 34120) 2.82 
42.0 ay 2.81 (2.64 > 2.99) 2.83 
50.0 3.10 Die BShe( 20243" 08) 2.85 
60.0 3.00 De BEIUSA sase0s) 2.90 


% The average over all values at a particular temperature. 


From a least-squares fit analysis. 
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system is given in Figure 13. The vertical lines indicate the range 
of the equilibrium constant at each temperature and the line drawn 
through the data is the least-squares best-fit line. The latter is 


computed in the same way as for the PC1,—PBr system, and the computed 


3 
values of the equilibrium constants are given in Table XIV. The thermo- 
dynamic parameters were calculated for the best-fit line, and their 

lower and upper limits were calculated for the lines drawn with maximum 
positive and negative slopes through the entire range of equilibrium 
constants. Hence, AH = 286 (=39 = 715) cal ODEE and Acc: BROT (Of 2a 
4.25) eu. 

The results indicate that the reaction is thermoneutral, within 
the experimental error. The equilibrium constant for the random re- 
organization of this system, calculated from the statistical distribution 
of all the species, is 4. The entropy of mixing corresponding to this 


equilibrium constant is 2.76 eu. The experimental value of 2.97 eu. 


is in good agreement with the value calculated for random reorganization. 
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Figure 13: Temperature variation of logk for the CF,PC1-CF,PBr., 


system. 
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CHAPTER IV 
RESULTS AND DISCUSSION OF NUCLEAR MAGNETIC RELAXATION STUDIES 
a Ae EN LO 
In this chapter the results of the nuclear magnetic relaxation 


measurements on the series of compounds PBr PBEOCHE, “Peres? and PCr 


37 2 2 3 
will be presented and interpreted. The samples used were prepared in a 
grease-free vacuum system. The method for the preparation of the samples, 
together with the experimental procedure and the treatment of the raw 
data have been fully described in the chapter on experimental techniques. 
The studies of the a: relaxation times were carried out for two 
samples which contained different concentrations of the four species. 
One sample, with initial mole fractions of 0.37 and 0.63 for ee and 
ene respectively, was allowed to reach equilibrium before being studied. 
The mole fractions of PBY 4, PBrCl, PprCl.s and PCl, at equilibrium were 
0.10, 0.26, 0.33, and 0.31 respectively. The other sample, containing 
mole fractions of 0.31 and 0.69 for PBr, and a respectively, was 


studied in the absence of PBr Cl and PBrCl,. This sample was kept 


frozen in liquid nitrogen between measurements, and only trace amounts 
of PBrCl and PBrcl, were detected on completion of the project. The 


same samples were used for the measurements of both the transverse 


and longitudinal relaxation times. 


The studies of the ace relaxation time in PCl, were carried out 
for a sample containing mole fractions of 0.40 and 0.60 for PBr, and 


PCl, respectively, and for a sample containing only PCl,. 
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35 

ie Cl Transverse Relaxation 
; ' 35 oy 
There are two isotopes of chlorine, Cl and Cl, whose natural 

abundance is 75.4% and 24.6% respectively. Both chlorine isotopes 
have a nuclear spin of 3/2, therefore they possess a non-zero 
quadrupole moment. As has been pointed out in the introduction, 
relaxation of nuclei possessing a quadrupole moment occurs predominantly 
by a quadrupolar interaction mechanism. For covalently bonded nuclei, 
such as in PCl., this mechanism is especially effective and the values 
of 1/T, are large. Because of the larger isotopic abundance and greater 

NS ee 35 7. , : : 
sensitivity of the Cl over the Cl nuclei, the chlorine relaxation 

j 35 

rate in PCL, was measured for the Cl nucleus. 


The values of 1/T, as a function of temperature for a sample 


containing neat PCl, are given in Table XV. Repetitive measurements 


3 


indicated that the reproducibility of these values is approximately +5%. 
The data are plotted as log (1/T,) against 10°/T, in re in Figure 14. 
The points lie on a straight line, whose slope yields an apparent 
activation energy for the relaxation process of 1.81 kcal moll The 
_temperature dependence of 1/T, is in agreement with the theory presented 
in the introduction; it was shown that for a quadrupolar interaction 
mechanism 1/T, is proportional to To! which according to the Debye-BPP 
theory increases as the temperature decreases. The extrapolated value 
of 1/T, Bt 25°C 1S'(22 27 = 1.1)x10° feey This value is slightly 


3 ot ba ? 
larger than the value of (16.7 + 1.4)x10 sec at 26°C obtained by 


169 
Johnson, Hunt, and Dodgen. 


In order to obtain the 350) relaxation rate in a medium of the 
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TABLE XV 


Variation of 1/T, with Temperature for cheven im Pel 


3 ee i = 
CoC) LO” TR (LK ) 1/7." (sec i 1/1,” (sec +) 
5 
29.4 SES 81S) 205 935L0 = 
41.8 Be LTG 19.7x10° = 
3 3 
46.0 obs inepa ale, 207.0210 
3 3 
‘10:0 2.906 £5230 L720 


- Determined in neat PC1.- 


Determined in a mixture of PC1, and PBr, of approximate mole 


fractions 0.4 and 0.6 respectively. 
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Figure 14: Temperature variation of log (1/T.,) for Boa in PC1,: in 
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same viscosity as that in which the etosoneats relaxation rates were 
determined, the 226% relaxation rate in PCl, was determined for a 
sample containing an appropriate mixture of PCl, and PBY.- Due to 

the decrease in the signal intensity, only the higher temperature 
measurements could be made with reasonable accuracy. ‘The values of 
1/T, are given in Table XV, and they are plotted as log (1/T.,) against 
10°/?, in one hy in Figure 14. Assuming that the 2PaI relaxation 
process in the mixture of PC1, and PBY, occurs with the same activation 


energy as the relaxation process in pure PCl a straight line may be 


BF 
drawn through the points. This assumption is justifiable in view of 
the close agreement of this activation energy with that obtained from 
the phosphorus relaxation rate measurements. The extrapolated value 
Pecdige 3 =] 
of 1/T, ates Cris 125.38F2 P35) xiO* “sect = 


From equation (1.24), the contribution to the relaxation rate 


due to a quadrupolar mechanism for a nucleus with a spin of 3/2, is 


given by: 
V2 Z 
a 1 n e"gQ .2 
T49 10 2 3 )¢ fh @) 


35 : : r70 
The Cl quadrupole coupling constant in solid Pcl, is =52.3 MHZ. 


If it is assumed that this value applies for the liquid, and that the 
asymmetry parameter may be taken as zero, the value of T) may be 


3 -l 
Galculated. At 25°C, using the value of 25.3x10 sec for V/T 51 


-12 
the value of T 1s 2.34x10 sec. 


79 81 : 
Bromine also has two isotopes, Br and Br, with a natural 


abundance of 50.6% and 49.4% respectively. Each bromine isotope 
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has a nuclear spin of 3/2, thus a quadrupolar interaction mechanism 
dominates the relaxation of bromine nuclei. The value of VT 56 Lo 


9 . ; ’ 
BY, En PBr., in the mixture of PBY, and PCl., which was used to 


: 3 : 
obtain V/T 56 for o1 in PCl,, may be calculated from equation (IV.1). 


79 ; ; ; : 
The Br quadrupole coupling constant in solid PBr, is 439.2 Wiese 


The same assumptions as before are made, and using the value of T 
calculated from the chlorine data, the value of VT 59 £or tere in 


PBY, is 17.8x10> ae eiex ae 25° er 


The assumption that T for PBr., is the same as T for PCl, 


is not strictly correct according to the Debye-BPP equation. Although 

the viscosity is uniform, the hydrodynamic radius of PBr,is somewhat 

different from that of PCl,. However, in view of the fact that the 

Debye-BPP equation has not been particularly successful in predicting 
: : ; : ». L69 

the reorientational correlation time in systems such as this , the 


correlation time for all the species may be assumed to be the same to 


a first approximation. 
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Suk F 
2% P Transverse Relaxation 


SiaE 
The results of the P transverse relaxation rate in PBY 4, 


PBEr-Cl,. -PBrcl 


5 5! and PC1., as a function of temperature are given in 


Appendix E. The values of 1/T, Lor PRY PBr Cl, PBrCcl. p.and PC1, 


Sy 2 
for the sample containing all four species are given in Tables EI to 
EIV respectively. The values of 1/T, FOL PRY. and PC1, for the sample 
containing just these two species are given in Tables EV and EVI 
respectively. The errors in the values of 1/T, are estimated as approx- 
imately +1.5 Hes 2p and are based on the error in measuring the line- 
widths. 

In order to convert the measurements of the linewidths at half- 
maximum intensity into units of Hz, for the calculation of 1/T,, a 


calibration of the spectra in Hz per cm was necessary. The chemical 


shifts of PBY 5) PBroCl, PBrCl., and PCl, in a sample containing P 


4°¢ 
in a capillary tube were determined from 30°C to 80°C. The results 
given in Table XVI indicate that although the absolute values of the 
chemical shifts vary with temperature, the chemical shift differences 
between the various species remain constant within the experimental 
error. Linewidth measurements for all species were taken directly 
from the observed spectra, using the average chemical shift difference 
of 158 Hz between PBr, and PBYCl , to calibrate the spectra. eqnt ieee 


spectra showing only PBr., and PCl, were calibrated for the purposes of 


linewidth calculations by the average chemical shift difference of 


376 Hz between the latter two species. 


The data for each species are presented in Figures 15 to 20 in 
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ewe) per, (82) par cr) °ppren, 8) acl 
a uh cates. eee nce a of 
80.0 4685 4655 4528 4310 
80.0 4684 4655 4529 4308 
70.0 4682 4653 4526 4305 
70.0 4682 4654 4526 4307 
70.0 4680 4650 4521 4303 
70.0 4681 4651 4651 4306 
60.0 4677 4647 4519 4300 
60.0 AG76 A647 4519 4299 
50.0 4675 4646 4517 4296 
50.0 4674 4644 4516 4297 
40.0 4671 4642 4513 4293 
40.0 4672 4642 4513 4296 
30.0 4670 4640 4511 4294 
30.0 4670 A641 4511 4294 


Sea eR UR bli 
4 f : 7 HON ao ey Deets 


bee 


Rt Oe 


aa pagch tpg vie re | | 
pho bw, gt Lage oe 


ee ils tae Sle, PREREC UO Pe ent. tee Oe : 
reeid} 3) mn ‘ ~tes yal! ‘| : it , 6 
eet) tou” VM saat ad salt i. stag 
S % aan 
ava 


ee <sokbinen ilk Net th ban A 
LNs) x ae | Ane = Alia J 
ane | &SDb sh anes ss bab bt _ 
bid 2p far, |). Se 
CCE} : acah ean Teas 
coeh LED ‘aes Oka 


JERS ; LGan f2ah : a {Baa 


ones ae eee yrab 
Kags eset VBS avad 


ates Whee abs 


< : \ ; : ; oe a 
ae alee pridpan a ee 
fess ites oy eR F 1tee 


205 keh PY 04 ney 
J © a ‘ ; ; ‘i F ' ; ‘ a] 
’ BOSE Atop) he a 
TO ak, 


bes, 


1/T> (sec™!) 


] 
20 


Figure 15: 


30 35 Ao! es 5.0 


10-77 (KS 


Temperature variation of log (1/T,) £Or 


sample containing PBY., PBY 


145 


SS, 


BL. 5: ; 
IP Giigy (eee ep aly, EY 


3 


Ci PBrcl., and PCl,- 


6.0 


* 
way 


y i 
7 


eer td 
ry ee ree rere eT caemenamtasainanil od eT 
2 : 


4 


in rT Pe we 
vi ok - : fe 7 re er 
coat ae \ 284 Go Te BOR 

. we PF ’ 


° i 


| 8 poet ie, eet ROR 
Pets ee Lh ne. fm 
a eis 1m §- i bhi - 
7 } fas 4 a y vA 


W/T> (sec!) 


40 


20 


o oO 


Ox 


ys) 


Pigure ‘16: 


146 


PBraCl 


3.0 3.5 4.0 aS 50 
OY T (°K!) 


Temperature variation of log (1/T,) Lor 


sample containing PBL, PBr., 


cr, PBrCl., and PCl 


on) 6.0 


hile & j 
Poin REL. el. tic 


2 


ge 


f 


f 


a : tt as : ei, - nate 
eft to eseiont t 403 (QTM edt 


147 


100 
80 


60 


40 


ZS 3 
ane: 3.0 oS 4.0 an 50 O75 60 


109/T (°K) 


AR soe : 
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the. form, of a plot of log (1/T,) versus 10°/", Ba! sien. The curves for 
PBY 1 PBrCl, PBYCL and PCL, for the sample containing all the species 
are given in Figures 15 to 18, while those for PBY., and PCl, for the 
sample in which only those species are present are given in Figures 19 
and. 20. The data in Figures 15 and 19 for the 1/T, an PBY, and the 
data in Figures 18 and 20 for the 1/T, in PC1, are the same within 
experimental error. “Thus, no distinction in the discussion of the 31, 
relaxation rate in PBr,, and Pcl, for the two samples will be made. 
Figures 15 to 20 indicate that the plots of log (1/T.,) versus 
10°/T are linear for values of 1/T., greater than approximately 10 Secu 
after which they slowly level off to a value of approximately 5 oe 
for 1/T,. This is clearly shown in Figures 15 and 19 for the relax- 
ation rate in PBI, which covers the range of 20 Me Con a. in 
the temperature region studied. The change in linearity might be 
eae to a new relaxation mechanism with opposite temperature 
dependence. However, because the non-linearity is observed when the 
values of 1/T, are very small, tt is believed that the effectiis due 


to the limits of the linewidth resolution of the nmr spectrometer. 


The values of 1/T, for each species were fitted with a non- 


162 d 
linear least-squares programme to the equation; 
pe pre REAR (Ey RT (IV. 2) 
A ois A 
2 25 


where 1/T, is the contribution to 1/T, which arises from machine 


fe) 
broadening; and the second term represents the relaxation rate due 
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to a mechanism whose temperature dependence follows an exponential 
function, where A is the pre-exponential term, and E is the apparent 
activation energy for the mechanism. The best-fit values of 1/T, are 


given in Tables EI to EVI, and the corresponding parameters, 1/T, Oe 
fe) 
and EA! are given in Table XVII. The errors given are the approximately 


95% confidence limits calculated by the programme. 


The values of 1/T, obtained range from 4.79 ee BOG PBY, to 
fe) 


0.86 a LOx PCl.. Since the value of 1/T, is a property of the 


fe) 
spectrometer resolution, it should be a constant value for all the 


species. The values of 1/T, obtained for PBY., and PBr Cl are believed 
fe) 
to be the most realistic ones, since these species have the narrowest 


linewidths and therefore the 1/T, contribution is more important. Thus 
fe) 
' = 
the value of 1/T, is taken as 4.5 sec , an average of the values 
O 
obtained for PB, and PBr Cl. This value of 1/T, was used to fit the 
re) 


observed values of 1/T., BOr PBrCl, and PCl, to a modification of equation 


(IV.2), given by: 
eepeieirs 4 aexp(<E/RT) |. (iV .3) 
T. A 


The best-fit values of 1/T, for PBrCl., and PCl, are given in Table EIITI 
and Tables EIV and EVI, respectively. The corresponding parameters, 
A and E_, with their approximately 95% confidence limits as calculated 
by the programme, are given in Table XVIII. The errors in A and En 


are slightly larger for the fit to equation (IV.3) than for the £2 


to equation (IV.2). This might be expected since the former is a two 
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TABLE XVII 


Best-fit Parameters for 1/T., = 1/T, + Aexp (~E) /RT) 
e) 


Species 1/T., (eee QS E, (keal iene Ma a 
(@) 
Para 4.302 + 0.281 (4.792 + 0.456) x107 2.470 + 0.052 
PBr ,cl* 4.452 + 0.194 (Meche 0.030) x10" 2.231 + 0.014 
PBrCl,,* 3.730 + 0.401 (1.921 + 0.058)x10> 2.096 + 0.015 
Eels 0.856 + 0.642 (2.253 + 0.065)x10° 14.86244..0,.013 
PBr,” Niel CUS es (6.377 + 0.378)x107 2.738 + 0.034 
Pcl,” 2.007 + 0.543 (2055202 0.058)n10, 1.906 + 0.008 


a ate! ‘ . 
For a sample containing all four species; the best-fit 


PBr ee ber BrcE and PCl. are 


values of 1/T, for PBY yr > 2! 3 


given in Tables EI to EIV respectively. 


p For a sample containing only PBr., and PCl i the best-fit 
values of 1/T., Loi PBr, and PCl, are given in Tables EV 
and EVI respectively. 

c 


Extra significant figures have been carried in order to 


avoid round-off errors in recalculating 1/T., values. 
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“TABLE XVIII 


Best-fit Parameters for 1/T, = 4.5 + Aexp (~E, /RT) 


' lh Me = 
Species A(sec °) BE. (keal mol Ne 
Ppaet (2a Se 0.062)x10> Se LOS LO OE 

a S 
PCl, (32220 010125) 2210 2.092 4) 0.029 

b 3 
PCl., (Se256 7 70.0901) i0 2,059 2°.0.014 


For a sample containing all four species; the best-fit 


values of 1/T, Or PBrCl, and PCl, are given in Tables EIII 


and EIV respectively. 
For a sample containing only PBY, and PC1,i the best-fit 
values of 1/T, HOE PC1, are given in Table EVI. 


Extra significant figures have been carried in order to avoid 


round-off errors in recalculating 1/T, values. 
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parameter fit, while the latter is a three parameter fit. However, 
the values of 1/T, calculated from the best fit to equation (IV.3) 
are well within the experimental error on the observed values of 
1/T,. 

The apparent activation energy, En! for the relaxation mechanism 
in the various species appears to decrease slightly in going from PBY, 
to PCl.. In order to test whether this trend is meaningful, the 
observed values of 1/T., Lor PBY., were fitted to a modification of 
equation (IV.2), given by: 


ee ae Aexp (-2.183x10°/RT) : (IV.4) 
Ay at 
2 25 


where 2.183 kcal nota is the average of the values of EN in Tables 
XVII and XVIII. The best-fit values for PBr, in the two samples are 
given in Tables EI and EV. The corresponding parameters, 1/T., and A, 
fo) 

with their approximately 95% confidence limits as calculated by the 
programme, are given in Table XIX. The best-fit values of 1/T., are 
well vee the experimental error of the observed values of 1/T,. 
Thus, the values of the activation energies of the relaxation mechanism 
in the various species are considered to be equal within the limits of 
the experimental error in the observed values of 1/T,. 

The results of the manipulation of the data, as discussed above, 
are presented in Figures 15 to 20. The smooth curve through the 
observed values of 1/T, for PBr. and PBr.Cl, shown in Figures 15 and 


3 2 
19, and 16 respectively, is drawn from the best-fit values of 1/T, 
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TABLE XIX 


Best-fit Parameters for 1/T, = 1/T, + Aexp (-2.183x10°/RT) 


fe) 
: =1 ¢c =e 
Species 1/T., (secr™} A(sec ~) 
O 
a 2 
Pus 4, 006. 02235 (370907 e Eee ec 2) eer0 
b 2 
PBY ASS 02293 (25733" 2? OP16O)} 0 


a ar : é. 
For a sample containing all four species; the best-£1it 


values of 1/T, for PBr. are given in Table EI. 


3 


b see 
For a sample containing only PBr, and PC1 si the best-fit 


are given in Table EV. 


values of 1/T, for PB, 


c Retues4 : : : ; 
Extra significant figures have been carried in order to avoid 


round-off errors in recalculating 1/T., values. 
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to equation (IV.2). The two terms in the equation are given by the 
straight lines, whose parameters are given In Table XVII. The smooth 


Curve through the observed values of 1/T, FOree Br Clee ands PG | shown 


2 3h/ 
in Figures 17, and 18 and 20 respectively, is drawn from the best-fit 
values of 1/T, to equation (IV.3). The two terms in the equation are 
given by the straight lines, whose parameters are given in Table XVIII. 
In Figures 18 and 20,.the straight Line through 4.5 ae 7 LS Orr scale. 

The temperature dependence of 1/T, is in agreement with that due 
to a spin-rotation mechanism or a scalar interaction mechanism of the 
second kind. It will be seen in the following section that the values 
of 1/T, op are less than 0.4 sean for all the species, over the entire 
temperature range studied. Since the relaxation measurements are made 
under conditions of extreme narrowing, the spin-rotation contribution 
to 1/T, is the same as its contribution to ae Clearly this mechanism 
does not account for the large values of 1/T., which range from approx- 
imately 5 seatn EO 4L50 eeget! The relaxation is therefore attributed 
to a scalar interaction mechanism of the second kind. 

The Sonttinntion of the scalar interaction mechanism to 1/T., 
is given by equation (1.26), which may be simplified to equation (1.27) 
4£ the condition (Ww, = Oe >> 1 applies. The latter may be rewritten 
as (0, - W,) Toy >> 1, where (W, - W) is the difference between the 
Larmor frequency of the phosphorus nucleus and the halogen nucleus X, 
and T is the corresponding transverse relaxation time for the halogen 


2X 


35 F 22 : 
nucleus. Using the values of 1/T,, fOr Clay PCl, and Brea PBY , at 


25°C, given in the previous section, it can be shown that at the 
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operating frequency of 40.5 MHz for the aie nucleus, the value of 
(Ww. - W.)T is 7262102 and: 54:..5° for Pcl and p 2Br respectivel 
poe xX Ox a 3 o Vale a 


These values satisfy the condition under which equation (I.27) applies 


The transverse relaxation rate of the phosphorus nuclei in PC1, 


due to a scalar interaction with the spin 3/2 chlorine nuclei is 


given by: 
ue 5 2 
T Sage cic. ue a) 
29¢c 
where yen has been substituted for Ths the longitudinal relaxation of 


the quadrupolar nucleus, in equation (1.27). Since the values of V/T ay 


were obtained under conditions of extreme narrowing, the substitution 


of T3C1 for Tie is valid. The existence of two chlorine isotopes, 


Safes and olan Gives rise to vrour ditterent Pel. species, thererore 


3 


the straightforward substitutions of Noi = 3 in. equation (1V.5)) is 


invalid. Rather, the specific contributions to 1/T 56, FOr PCl, from 


p??cl 7 Beil cll arren iciite and p> oy which occur with relative 


3 3) 


sig and £, respectively, are given by the four terms 


abundance foe for 3° 4 


in the following equation: 


1 5 2 2 2 
= = + e £. + 
T Feeney age) ty 1428p a6 ona | pez toa 2 
peasy e: 
(2 ot hooae gt Eo al te ere) 
P=35°2-95 P=-3;72 2-37.43 P=3/ 2-375 74 
35 ah : 
where A and A are the P- Cl and P- Cl scalar coupling constants 


P=35 P-3/ 
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in PC, respectively; To 35 and TS 37 are the corresponding transverse 
: : 35 37 : 

relaxation times for the Gland CI nuclei; “and the values of fie 

for fo and fy are normalized to unity. 


The scalar coupling constant is proportional to the product of 


the magnetogyric ratios of the two nuclei being coupled: 


goes ge oe) p-ag liane: (IV.7) 

Thus A 37 may berexpressed in “terms of AL _35 by: 
“a IV.8 
EEA» ewaibae> 2y ie be (IV.8) 


Y , 35 87 
where Y35 and Y37 are the magnetogyric ratios of Cl and Cr 
respectively. Similarly, from equation (IV.1), the transverse relax- 
ation rate for the chlorine nucleus is proportional to the quadrupole 


coupling constant: 


ve Be 2 
&(e"gO/h) <6 3 i Grqo/n) “the enarannveo) 

55 T S)i/ 

2-35 L 2737 
Thus T5237 may be expressed in terms of To 35 by: 
2 
(e“a0/n) 5, 
- = T soap oe ' C(1V520) 
26357 2235 


Z 2 
(e q0/h) 4 
which may be simplified to: 


a ' (V5.1) 


2 
T5237 ~ 72-35235 


35 37 
where Qo. and Q37 are the quadrupole moments of the Cl and ey 


nuclei respectively in PCl.. 
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Equation (IV.6) may be simplified by expressing, Lt.in terms of 


35 ; 
only the Cl parameters, using the relationships developed above. Thus, 


Dee 
= me A a8 
4 “P=-35 5-95} Shape see O58) sen, Ne 2 7 


2SC 


2 
Sea AS AES a7. oe or One em fy) 


CLV ..4.2) 


The values of Y35 and Y37 are 2.6214x10> and OT Ne ee rad ae gauss 


Peeeeeelyes” thus y is 0.8322. The value of 235/234 has not 


37/135 


; : i: 
been determined for PCl.- However, it has been shown i that the value 


of 235/944 wer 1.26978) in SOCL., POCL., and only the last figure is 
different for each molecule; therefore 235/237 for PCl, is taken as 


is equal to 1.115. The value of 
=] 


1.2687. Thus, the term Ve ener 


; : 3 
1/T, 36 ate25°C,Acalculatedseim the previous ssection,; is 2563x105 sec 


The corresponding experimental value of 1/T at 25°C may be calculated 


2Sc 


from equation (IV.3) and the appropriate parameters; the average value 
= 
of 1/T.,. fromthe, two samples studied is.96.92 sec... ',If,the,values 
e 


Dane 2 252 ; F 
t ther with the relative abundance 
Of U/Th 641 W/T5_ 357 ¥37235/135237" tO? 


Pee 
o£ the .different Pcl, species given by fii 0.4287, foi 074196, 


37 0.1369, and fi 0.0149, are substituted into equation (IV.12), 


a value for A, 35 OLn79/..4 Ben or 128.9 Hz is obtained. 


{ 79 81 ‘ : 
Similarly, the two isotopes of bromine, Br and Br, give rise 


£ 


to four specific PBY molecules with different isotopic composition and 


relative abundance. The contributions to 1/Th 6 for PBr, from P Br., 


81 
pea) oo paerolee iar 6 tind Se Ss 


5 3 may be developed in the same manner 
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as for Pel, from equations (IV.5) to (IV.12) with the substitution 


35 
_of the various terms for Cland 3704 by the corresponding terms 


719 81 
EOL Br and Br. The values of V9 and You are e702 30- 


3 ik 
7.2244x10 rad sec gauss i respectively, thus Yei/V79 re TOS. 


a) 
The value of 256/254 LOT PBY is iggy a 2 Thus, the term 


2 x2 2. ae: 
¥ 9719701 79291 is equa, ato 665. “Me Valve oral/T ate 2 ee 


2379 


calculated in the previous section, is yeas sates see The corresponding 


experimental value of 1/T, at 25°C may be calculated from equation 


Se 


(IV.2) and the appropriate parameters; the average value of L/T on, 


from the two samples studied is 6.83 non Substitution of the 


together with the relative 


p Pi oe 
ee ee eee! 2-79! 61279’ '79281' 


1/2 


abundance of the different PBr, species given by fii Ones. or 


£ Ost, f Ai OrS70i7, wana £7 = OO. 1 Z0GrIntco equation (CiV.LZ) 


Dé A 


yields.a Value of AL. Of L562 Bee 


appropriately modified for PBr P-79 


3! 
or 248.6 Hz. 

The transverse relaxation rate of the phosphorus nuclei in PCL Br 
due to a scalar interaction with the chlorine and bromine nuclei, each 


of spin 3/2, is given by an obvious extension of (IV.5) to take into 


account the existence of two types of quadrupolar nuclei: 


: = 2 ' y 2h ne Cn : IAW 3 ibe 
7 ee Noe toe) Og ee pee ote) one ) 
2S¢ 
; : the P-Cl and P-Br coupling constants 
where (A, oy) and goes) are 2) 


i which refer to the correspondin 
an PBrCcl |, as opposed to Abc} and AL _pr i Pp g 
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coupling constants in Pcl, and PBr, respectively. Similarly, (To 9)’ 
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anche GL )' are the chlorine and bromine transverse relaxation times 


2-Br 


in the PC1 Br. Towa first yapproximation, titemay be tassumed that the 


B-Cl and P=Brreoupling constants in PCL Br are the same as the P-Cl 
coupling constant in PC1, and the P-Br coupling constant in PBY.. 
Similarly, the transverse relaxation times of the Cl and Br nuclei 


an PCL,Br, may be taken to be the same as those for the Cl nucleus 


in PCl., and the Br nucleus in PBr, respectively. Thus, the prames 


in equation (IV.13) are removed, and this approximation is tested 


by calculating the value of 1/T 56. for PCL Br and comparing it to 


the experimentally obtained value. The contributions to 1/T yo for 


3 Spey 3 S72 aor 
PC1,BY from Bae Cle Gert pe icia ea P en Ci eee P cL CLyeeia, 


eck Br, and Peon iiss which occur with relative abundance fie 
for fo, fae fas and fo respectively, are given by: 
“yak 5 2 2 2 2 
ed + (2A Aly + A ue fo 
hee A [(2A, g5To-35 + Ap_zg?o-79)F) + (2Ap_3572-35 + Ap-gi72-1)*2 
2 2 2 
+ A ap Ei ce 
(A, 3572-35 + Ap-3772-37 * 4p-797 2-79) £3 
2 2 2 
+A a fo: 
(A, _ 3572-35 + Ap-3772-37 * 4p-s172-81) *4 
2 2 + ac lb Ye. - (2a7 AR + aC wy ye... ] 
( AD-37'2-37 P-79 2-79 5 P-37 2-37 P-81 2-81° 6 ' 
CEVe 4) 


where all the terms have already been defined, and the values of fie 


5! and fo are normalized to unity. 


As before, the values of A,_37! To 37° Angi! 5-8] 
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expressed in terms of A i 
Pp ms oO p-35! T5365! An_79 and T5W79° Thus equation 
(IV.14) may be simplified by expressing it only in, terms of the Tekan 


7h2) 
and Br parameters: 


= = 2 [(2n2 ne ae Ca )f_ + 
T PaaS 2=35 P-79 2-79" J 


2 
(22535735 + Ap_qo?o-79%g1279/V 79291) Fo + 
2 2 ie ae a 2 
Ale 
(75 3572-35 + Apis 9-351 37235/%35237 + Ap_zoto-79) F3 + 


2 2 
(A rT +A ui! 


p35 2235 SF p 45 Bin Way OsaAY aQ ana 
ne GE oe + 
p-79 ee oe 4 
2 2 


Vite Se 


oe ae: AD~7912-79) *5 


eRe ay 


hee sete Crea eta Ue Masri site ve es )E6] ° 
GLE) 
The terms 2 9? yy? ee and ee ee 97 are 1.116 and. 1.665 respect- 
Dir Snes Vp) ten 
ively; the values of 1/T, 35 and 1/T, 49 are 25 .3x10- ee and 


lpeeee ve see respectively at 25°C; the values of AL 35 and Ana! 


ul, =~] 
calculated from the PCl. and PBr., data, are 797.4 sec and 1562 sec 


respectively; and the relative abundance of the different PCL Br 


species is given Bees fii 022875, foi 0.2810, fi 0.1876, fai 


0.1834, foi 0.0306, and foi 0.0299. Substitution of these values 


=] 
into equation (IV.15) yields a calculated value of 66.80 sec for 
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die at 25°C. The, experimental value of 1/T, fore PGi, Bry; _calcuikated 


hose Sc 2 


from equation (IV.3) with the appropriate parameters, is 54.90 eecka 


e6n 2020. 


It can be shown by an analogous development that the contributions 


E 
to 1/T,,. for PC1Br, from banc BEY, py ClABEe} Pesci Er ee 
Se Do od: aD Ok 3 8 
BaeeCi ni BresnbegePienCh Br, and P Tol yn may be given by equation (IV.15) 


with the substitution of the various terms for 22 cy and ? ea by the © 


corresponding terms for cane and Lee and the various terms for eee 
81 : 35 sf : 
and Br by the corresponding terms for Cl and Cl. The relative 
ie ; : Li2 
abundance of the different PC1Br,, species 1s given by St OeLI2S., 


foi 0.0629, foi OS3770;, fi O521230;, Ei 0.1842, and foi 0.0601, 


and the other terms have been given before. Substitution into equation 
(IV.15), appropriately modified for PCIBr., yields a calculated value 


of 36.86 aan £or V/To at 25°C. The experimental value of V/T 6, 


For PCIBr,, calculated from equation (IV.2) with the appropriate 


: =], 
parameters, iS 26.26 sec aLiZ5 


A comparison between the calculated and observed values of 1/To6, 


indicates that the agreement is much better for PCL Br than for PC1Br,,. 


Nevertheless, the agreement is quite good in view of the approximations 


-1 : 
made. Since the value of ng is 25.13 sec §, while the value 


pes5 2235 

2 ‘ ae Pe : £ 
of A791 5-79 LS iLo7 esec at) 25°C, the contribution to 1/To 6, rom 
ine 3704 terms is going to be much larger than the contribution from 


79 ; : 
the oe terms. It can be shown that the BY contri bucion £oO 1/T a6, 


for PCL Br is 3.4%, white its contributzon to 1/Th 6, For PC1BY, is 


a 
12.4%. If the contribution of the A,_1,T,_7, terms to the 1/T,., for 
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PCL Br and PCIBY. are neglected, the calculated values of 1/To 6, can be 


brought into agreement with the observed values, if it is assumed that 


the value of ae 


p-3519-35 varies by approximately 10% from its value in 


PCl, for each substitution of a chlorine atom by a bromine atom. 
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2 2 a , 
jee 
p-35 29-35 A,_35 (e qQ/N) 45+ Tras not 


: 2 tae 
cc 
Since T3235 (e GQ/D) 1 then A 


: ' 7 : a 
possible to determine whether the 10% change in A, 35To_a5 for a change 
of one chlorine atom is due to a variation in the scalar coupling 


. 2 
constant, A or in the quadrupole coupling constant, (e qQ/nh). 
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31 : : A 
33 P Longitudinal Relaxation 


ouk : : ; 
The results of the P longitudinal relaxation rate in PBr_, 


PprCl, PBrcl., and Pcl, as a function of temperature are given in 


Appendix F. The values of 1/T) fOLIERY PET. Cis PBrCl., and PCl 


ou 2 3 


for the sample containing all four species are given in Tables FI 
to FIV respectively. The values of 1/T, for PB, and ss for the 
sample containing just these two species are given in Tables FV and 
FVI respectively. The errors in the values of 1/T, are estimated as 
approximately +5% of the observed value. 

The data for each species are presented in Figures 21 to 26 


3 : = 
inthe’ form of a plot of log (1/T, ) versus 410 7A in ok 7 The curves 


Meng PBY 5s PE Cl Perce 


> 5! and PCl, for the sample containing all the 


species are given in Figures 21 to 24, wise those for PB, and PCl, 
for the sample in which only those species are present are given in 
Figures 25 and 26. The 1/T., data for each species corresponding to 
the 1/T, data presented in Figures 21 to 26 are given in Figures 15 
to 20 respectively. The data in Figures 24 and 26 for the 1/T, in 
Pcl, are the same within the experimental error throughout the entire 
temperature range studied. However, the data in Figures 21 and 25 for 
the 1/T) in PBY, are the same below approximately -40°C, while they 
differ by nearly 20% above that temperature. 

Figures 20 to 26 suggest that two mechanisms with opposite 
temperature dependence are contributing to the 1/T,. The values of 


1/T, for each species were therefore fitted with a non-linear least- 


ul 
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squares programme to the equation: 
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Figure 21: Temperature variation of log (1/T,) for QP in PBY 41 ina 


sample containing PBY 44 PBr Cl, PBrCl., and PCl.. 
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Figure 24: Temperature variation of log (1/T,) £Or She in PC1,, ina 


sample containing PBY 1 PBr Cl, PBrCl., and PC1.. 
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Figure 25: Temperature variation of log(1/T,) FOr eae in PBY 4, ina 


sample containing PB, and PCl,. 
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os 2 Bexp (E,,/RT) + Cexp (-E /RT) 7 (IV.16) 
where each term represents the relaxation rate due to a mechanism 
whose temperature dependence follows an exponential function; B and 
C are the pre-exponential terms and E. and Ea are the corresponding 
apparent activation energies of the two mechanisms respectively. The 
best-fit values of 1/T) are given in Tables FI to FVI, and the 
corresponding parameters, B, Ei Cy and Eas are given in Table XxX. 

The errors given are the approximately 95% confidence limits calculated 
by the programme. 

The discussion of the various relaxation mechanisms in the 
introduction, led to the conclusion that for a molecule undergoing 
isotropic reorientational Brownian motion, the correlation times for 
all the mechanisms can ultimately be related to the bulk viscosity 
of the medium. On the basis of this assumption, the values of the 
activation energies, E. and Ear for the two mechanisms should be the 
same. In order to test whether this assumption may be justified for 
this system, the values of 1/T) for each species were fitted to a 
modification of equation (IV.16), by setting E, egual to EG} 


= 


a 


= Bexp (E,,/RT) + Cexp (-E,,/RT) " CTY ek 7) 


The best-fit values of 1/T, are given in Tablessri to FVI. «fhe 
corresponding parameters, B, ER and C, with their approximately 95% 


confidence limits as calculated by the programme, are given in Table XxI. 
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TABLE XXI 


Best-fit Parameters for 1/T) = Bexp (E.,/RT) + Cexp (-E,,/RT) 


nr =n rer eer nee 


; She c os - 
Species B(sec °) E,, (kcal mol aye C(sec ae 
ee a ee ee eee 

a -4 
PBr, (45259 0.289) 210 2.22 10.030 6.2/4 4 0.590 

a - 
PBr Cl (S022 205 5325510 4 226. On. O47 6.376 © O2744 
i 
PErCl (B25 7677 02296) 510 3 PAR AGS cca. 18 ee 6e0 74 706413 

a —-4 
PC1, (i 32202 102200) x10 2507072102087, 7.568 2 OF461 

b ~ 
PBY (45303 = 0. S80)x10 : 2172 = O..036 T.OoOF = O55) 

b _ 

Pcl, (£2209 205285) 10 ji 1 997, -2020ce e012 =O, A064 
a 


b 


For a sample containing all four species; the best-fit 


values of 1/T, for PBr PBr EL, PBrCl,, and PCl, are 


cM 2 
given in Tables FI to FIV respectively. 
For a sample containing only PBY and PC1,; the best-fit 


values of 1/T, are given in Tables FV and FVI respectively. 


c pce z : ; 
Extra significant figures have been carried in order to avoid 


round-off errors in recalculating 1/T, values. 
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The agreement of the calculated values of 1/T, with the 
observed values of 1/T, is the same for the three parameter fit as 
for the four parameter fit. Thus the three parameter fit, for which 
the activation energies of the two mechanisms are assumed to be the 
same, can be used to fit the data satisfactorily. The smooth curve 
through the observed values of 1/T, for all the species, shown in 
Figures 20 to 26, is Grawn from the best-fit values of 1/T, to 
equation (IV.17). The two terms in the equation are given by the 
straight lines, whose parameters are given in Table XXI. It is worth 
mentioning that the average value of E. PRA EWA te Hol obtained 
from fitting the observed 1/T) data, agrees quite well with the 
average value of Ey! 2550 ;kcal nolo. obtained from fitting the 
observed 1/T, data, and is well within the range of the activation 
energies obtained for the individual species. 
| In the high temperature region, the temperature dependence of 
1/T, is consistent with that due to a spin-rotation mechanism. In 
the low temperature region, the temperature dependence of 1/T, is 
consistent with that due to a dipolar mechanism, an anisotropic 
chemical shift mechanism, or a scalar interaction mechanism of the 
second kind. The temperature dependence of 1/T, in the high and low 
temperature regions is given by the negative and positive exponential 
terms respectively in equation (IV.17). The mechanisms contributing 
to each of these terms will be discussed separately. 

The high-temperature region of 1/T) is controlled only by a 


spin-rotation mechanism. Since the extreme narrowing condition 
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applies, the contribution to 1/T, from a spin-rotation mechanism is 
given by equation (1.30). This equation may be used to evaluate the 
spin-rotation coupling constant for each species provided that the 
moment of inertia and the spin-rotation correlation time for each 
species is known. 


The moments of inertia in the x, y, and z direction were calcula- 


ted for PBr., Ppr,Cl, PBrCl , and eee The bond distances and bond 


f ny © F 
angles in PCl. are : 2.043 2°0.003A and 100.1 2 1.3° respectively. 


3 
: : L75 : 
The bond distances and bond angles in PBY, are 2.25 2 OTA and 


100 + 0.2° respectively. No data on the structural parameters of 


PBr Cl and PBrCl., are available. Since the bond angles do not change 


in going from PB, <O PCl,s it is assumed that they are the same in 
PBroCl and PBrCl,, and a value of 100° is assigned to all bond angles. 


Furthermore, it is assumed that the P-Cl and P-Br bond lengths in 
PBrCl and PBrcl, are the same as in PCl, and PBY., namely 2.04A 
and 2.23A respectively. The values of I ty and Toe together with 
an average moment of inertia, I, are given in Table XXII for all the 
species. 

The values of Tor at 25°C, catculated from equation (1230) 5 with 
Th equal to the value of T% ae 252°C, weve < sec, assumed to be the 
same for all species, are given in Table XXII. Since the values of 
Top are at least a factor of twelve smaller than the value of Thy! 


the condition under which equation (1.31) applies is fulfilled. 


The values of 1/T) op at 25°C, calculated from the second term 


in equation (IV.17) and the appropriate parameters are given in 
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TABLE XXII 


Parameters for the Spin-Rotation Contributions to 1/T, at 25°C * 


tn ey ner prem reper nerve eaesteenneeramewee 


PB Pp 
r, Brocl Perel, PCL. 
40 2 
I x10 (g cm) 830.05 823.55 329.15 325.99 
40 2 
I x10 (g cm’) 829.65 435.34 579.20 325.99 
4O 2 
I x10 (g cm’) 1559.36 VATOFCS 829.25 Swe yacal 
P2108 Cg one LOTS <0 809.9 519.2 410.4 
-14 
To plo (sec) 18.58 14.02 10203 rj Soule 
0.150% 0.230% 
L/P, a” (Bee ) x 0.176 0.182 J 
0.200 0.243 
a 
s ‘ By 2.78 9.00 
(Gmm 40 @7+etl Sy *(kiz) e 3.99 5.67 2 
xX VY ZZ 3 2D] 9.25 


--12 
- The value of are ate Ole Sa? Sax LO sec. 
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% 7 = Cexp(-E,/RT) , from equation (IV.17). 
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For a sample containing PBr PBriCl, PBrCl., and PClo.. 


Ss 3 


© For a sample containing PBY and PCl,. 
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Table XXII, together with the values for the spin-rotation coupling 


1 
constant. The latter value is denoted by (C 2 Sc aC 45 th 
xx 


L. 
which for the PBr. and PCL, Simplifies to (2c Z + C Me because 


3 L LI 

of the symmetry of these molecules. Although the spin-rotation 
coupling constants for both PBr, and acs are slightly larger for the 
sample which does not contain the PBr Cl and PBrCl, species, it is 
not believed that this discrepancy is significant. 

The relative importance of the dipolar, scalar interaction, and 
anisotropic chemical shift mechanisms to the low temperature region 
of 1/T) may be determined by comparing the contribution due to each 


A 


mechanism to the experimentally observed value, given by (1/T)-1/T) 


The values of (1/T,-1/T ), which may be calculated from the first 


tok 
term in equation (IV.17) and the appropriate parameters, are given 
in TableyxXXiLivak 25°C. 


The intramolecular dipolar contribution to 1/T, for the molecules 


studied here may be obtained from equation (I.8) as: 


a Eppa -6 
e ly Vy I (1, got) Ce) ae! ie (IV.18) 


where P refers to the phosphorus atom and X to the halogen. Since both 


the chlorine and bromine nuclei possess a spin of 3/2, equation (IV.18) 


may be rewritten as: 


_ "a shy, | 
1D 


Eye Seal 
NEA Creed MDA a (IV.19) 


In order to take into account the two isotopes of chlorine and bromine, 
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2 2 ‘ 2 2 
the values Yoq and ‘ey are substituted by (0.754 Y35 + 0.246 Y34) and 
2 2 
(0.506 Yoo + 0.494 Yox) respectively, where all the terms have been 
defined elsewhere. The P-Cl and P-Br internuclear distances are taken 
° ° 3 -] 
aS 2.04A and 2.23A for all the molecules, Yp is 10.8291x10 rad gauss 
om]. : =12 
Sec «, and Th is .2.34x10 secat, 25°C. The values ‘of 1/T,, ato °C 
are given in Table XXIII. The values of 1/7), are at most only 10% 


of the values of (1/T,-1/T, . ), thus the intramolecular dipolar 


ge 


mechanism alone cannot explain the experimental observations. The 


value of the intermolecular dipolar contribution, 1/T y's is not 


: : tt 
estimated here because it has been shown that for pure PCr. ‘ and 


Fee, the intermolecular contribution is approximately 10% and 


% respectively of the intramolecular contribution. Thus the 1/T,_' 
contribution is quite insignificant. 

The scalar interaction contribution of the second kind to 1/T, 
may be calculdted from equation (1.25). The values of WT og are 
calculated taking into consideration the Soeteric population of the 
nuclear species, in a analogous manner as in the treatment of the 


1/To, data in the previous section. The values of WT 6, ahem pase B 
c 


are given in Table XXIII. The contribution of WT sg is negligible 


for PCl., but quite significant for the bromine compounds. This is 


mainly due to the fact that the bromine transverse relaxation time 


in PBr., is much shorter than the chlorine transverse relaxation 


time in PCl,. 


The anisotropic chemical shift contribution to 1/T) may be 


calculated from equation (I.22) if the anisotropy of the chemical 
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Contributions to 1/T, other than 1/T, op at 25°C" 
PBr., PBr Cl PBrCl, PCl, 
=9° ~3° 
: Re 1.78x10 i _5 4+36x10 
(1/T, -1/T, op) (sec ) _5f te oes O Se Ale ad 
1.68x10 3.79x10 
tees) Preieto T9410 > eS 7On10s «| ar osetO 
i/f, (sec) oie RET cly mca) spa) mim ajReTUE. © 
4 = 3 
1/T, , (sec “ OL sO : - - 54300 
12 
Seer 


o The value of T. ae 25°C as 2-34x10. 


2 1/T,-1/T) op = Bexp (E,/RT) Fromeeduation. (iV 17) 


Cc 


For a sample containing PBr 


For a sample containing PBY, 
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: PBr,Cl, PBrCl., and PCl.. 


and PCl.. 
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Sher, Guu and the asymmetry parameter, nN, are known. For a symmetric 
top molecule, such as PCl, or aa nN is zero, and 6 , May be expressed 
Z : 


as: 


ae: = 
Se ae ae (1V.20) 


where ont and Oi are the paramagnetic chemical shifts along the major 
axis of the molecule and perpendicular to it respectively. The corres- 
ponding diamagnetic terms are assumed to be isotropic. Thus equation 


(1.22) reduces to: 


AL Z Die 2 
_ Tepes ve (1, 60) Ta. 3 (IV.21) 
1A 
; 122 
The values of (0579) 54) for PC1, and PBr., obtained by Deverell 


¥/ - 
from values calculated by Gutowsky and iene are 276x10 : and 


224x10 © respectively. Using the value of = equal to T at 25°C, 
sere ee sec, the values of 1/T) £Or PCl, and PBY, at 40.5 MHz 
are calculated and given in Table XXIII. Since Oo values are not 
available, the anistropic chemical shift contribution to PBr Cl and 
AAT cannot be calculated. 


and 1/T) for PBr. vand@Pcl. ate252C 


The sum of V/T yr WZ 3. 3 


Tise! 
~3 -1 -3 -1 

are 6.39x10 sec and 1.94x10 sec respectively. This discrepancy 

between these values and the average experimentally obtained values, 

(1/T)-1/T, 5p) in Table XXIII, may be due in large part to the long 


extrapolation necessary to obtain the latter value at 25°C. It is 


important to notice, however, that the anisotropic chemical shift 
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makes a Significant contribution, and in the case of PCl., is the 
Gominant factor. This effect has generally been neglected, and in 

: 118 : pee : 
the case of previous work on PCl, this omission has resulted ina 


misinterpretation of the results. This will be discussed in more 


detail in the following section. 


7 oa eee) ie Ss Se - Ree Pre cP 
Or? eae 8 ee ee 54 : " PE aa te Pak 
7 ay i ‘ oy = iP ita VP 4 ro r io 


ads at’ to Golanes oi wt ay ate 

“or (Ete, Deeran feear avert ‘este aba ONAN 
ae mit beaiuess ser Rohaeime Sty bic ptot to day 
ak Berersek® ae Giiy aiat annem: ad ‘to mt 

och se emt ad 


184 


4. Discussion of Nuclear Relaxation Results 

The results obtained in the previous sections of this chapter 
may be compared to those of other workers in a number of cases. 

As has already been mentioned, the value of 1/T, for 3967 in 
a neat sample of PCL, ac 25°C, reported in ‘this: thesisvis Slightly 
larger than that measured by Johnson, Hunt, and neawenwe at 262°C. 
The measured value of 1/T, for Pai in PCLyY in av mixture with Per: ; 


3 S 
which is about 10% higher than the value in the neat PCl.s and the 
known quadrupole coupling constant in PCl, have been used to obtain a 
value of T_, the reorientational correlation time. It may be noted 

Q 
: i 
that the value of % is approximately an order of magnitude smaller oA 
than that calculated by the Debye-BPP hard-sphere approximation. 

The value of T) obtained and the known quadrupole coupling 
constant in PBr. were then used to calculate the value of 1/T, Ors 
er in PBr, in the mixture of PCl, and PBY,- On the basis of the 
results of 1/T, for Ei in PClss it is expected that the value of 
1/T, for ioe in neat PBY would be about 10% higher than in the 
mixture. 

cea 

From the measurement of the 1/T, values for P rn Pcl, and PBY 

in a mixture of these compounds and in a mixture with PBr Cl and PBrCl,, 
7 35 79 

and the 1/T, values for “ech and Zant the .P-—**Cl. and’ P= --Br scalar 

coupling constants were calculated. The value of 129 Hz obtained here 

for the pre? at scalar coupling constant is in good agreement with that 


130 
of 120 Hz determined by Strange and Morgan from measurements of 1/T, 


: Soa l 
in the rotating frame as a function of field strength, for P zn. EC 3° 
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However, the value of 249 Hz obtained for the perani coupling constant 
does not agree with that of 350 Hz determined by Rhodes, Aksnes, and 


119 
Strange The Valuetor thee product 'T A obtained in this work 
2Br P-Br 
Lg 


ol 
predicts the rotating frame 1/T, values of Rhodes et al correctly, 


thus the discrepancy must be due to the methods of separating Top 


is , : : 
and A Rhodes et al re attributed the difference in the measured 


P-Br’ 


1/T, at 9 MHz and 18 MHz to the scalar interaction mechanism, and 


1 


obtained values of A i 


7 ; ' ' 
p-BY Topy! which when combined with the rotating 


frame 1/T, values permit calculation of ToBr and ABB’ It may be 


noted that the rotating frame measurements do not agree with the low 
temperature 9 MHz data. Moreover, the 9 MHz and 18 MHz data differ at 
high temperatures in a region where no frequency dependence should exist. 
, ; 35 79 
Te as enot’ possible’ tovdetermine the P-’ *Cl and’ P—-" Bre scalar 
; 35 35 : 
coupling constant, and the Cl and Br quadrupole coupling constants 


in PBrCl and PBrCl.. However, calculations based on the assumption 


that these values are the same as in PCl., and PBY 41 yield values of 


3 


1/T., FOL Shp in PBrCl and PBrCl, which are in reasonable agreement 


with the observed values. The discrepancy can be explained by small 
changes in the quadrupole coupling constants or in the scalar coupling 


constants from those assumed. 


Measurements of 1/T, LO ep in PBY 4, PBr,Cl, PBrCl., and PCl, 


as a function of temperature have shown that in the high temperature 
region, the spin-rotation contribution is the controlling mechanism. 


From the known value of Lo egual to Tor it is possible to calculate 


2 2 DE 


the spin-rotation coupling constant, (CL. + See + Coe ye, Mor 


rol Lb 
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the symmetric top molecules PCl, and PBr., this parameter may be written 
2 2, % 
as (2c, + Cry )“. The theoretical values of Cc, and Ci LOT Ee and 


PBr have been calculated by Revered te For PCl., an and a are 


1 


-2.59 kHz and -6.43 kHz respectively, thus (2c, ° + CAN) ¥ is equal 


to 9.46 kHz. This is in excellent agreement with the average value of 


9.13 kHz obtained in this work. Similarly, the values of Ci and Cc, 


for PBY are -1.02 kHz and -2.46 kHz respectively, yielding a value 


Off 763 kHzZ for (Zane an ee This is somewhat larger than the 
average value of 3.00 kHz obtained here. It should be pointed out 


that the theoretical value of (2C, + C1173 £on poe in CHF, agrees 


well with that obtained from molecular beam medstvenantswncs The 


1 
values of (acy + Gitar’ obtained previously for BCI and star 


are 14.0 kHz and 7.6 kHz respectively. These values are in error 


because they were calculated using an incorrect value for T as will 


iD 
be explained in the following paragraph. Calculated values for the 


spin-rotation coupling constant parameters for PBrCl and PBrCl., are 


not available, and therefore no comparison can be made with the 
experimental values. 


Measurements of 1/T, for aa in PBY 4, PBr Cl, PBrCl, and PCl, 


as a function of temperature have also shown that the low temperature 
region is consistent with contributions due to dipolar, scalar interns 
action, and anisotropic chemical shift mechanisms. In’‘the previous 


118 
work on PCl. by Aksnes, Rhodes, and Powles at 9 MHz, only the 


3 
dipolar term was considered. However, the Th value obtained here 


indicates a 25% contribution from the scalar interaction and aniso- 
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tropic chemical shift mechanisms at 9 MHz. In addition, the resolution 
of the dipolar contribution in the previous work could be considerably 
in error since it derives from a bending in the 1/T, versus 10°/T curve 
at a temperature approximately 30°C below the freezing point of PCl,. 
This bending could simply be due to a non-exponential temperature. 
dependence of the viscosity in the supercooled liquid. Strange and 
: 3 = 

Meanie e. have obtained a value of 25x10 sec : for 1/T, for peel 
in PC1, at room temperature, which is in excellent agreement with the 
value quoted in this work. However, use of the value of a from the 

118 ‘ 55 
results of Aksnes and co-workers for the calculation of the Cl 
quadrupole coupling constant yields a value of 25 MHz, which is much 

; ; 170 
smaller than the experimentally obtained value of 52.1 MHz. In 
: , ELO ; 
the case if PBY 4s previous work has given a value of Tp larger 
79 
than, it. should be, as is demonstrated by the fact that the Br 
quadrupole coupling constant is 230 MHz, in comparison to the experi- 
170 119 

mental value of 439 MHz. Rhodes and co-workers have noted that 


their ty values are in error because of the small dipolar contribution 


from which it is derived. 
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' CHAPTER V 
CONCLUSIONS 

The studies of Hoa ee aieen reactions in phosphorus trihalides 
indicated that reproducible kinetic results could not be obtained. The 
non-reproducibility was found to be associated with very effective 
catalysis by traces of water. Extensive efforts to eliminate this 
catalysis appear to have failed, although the reaction half-time has 
been increased from about one hour at 40°C to about 10.5 days at 70°C. 
The results obtained here indicate that even the qualitative reaction 
times quoted by previous workers for reactions involving halogen 
ligand redistributions on phosphorus may be grossly in error. This 
may also apply to similar redistribution reactions on other Group VA 
central atoms. It may be generally concluded that redistribution 
reactions involving halogens may be more susceptible to catalysis by 
moisture since the halogens hydrolyze more rapidly. 

On the basis of the kinetic results obtained here, it would seem 
that two approaches to determining the kinetics of redistribution 
reactions may be profitable. Since it seems unlikely that the catalytic 
effects can be completely removed, studies on systems not involving 
halogen atoms might yield meaningful kinetic results. Alternatively, 
the catalytic process itself might be investigated by preparing possible 
catalysts and studying their effects on redistribution reactions. It 
appears that the hydrolysis products of the phosphorus halides are the 
catalysts, but in the case of PCl, and PBr, these have not been properly 


3 
; 141 
characterized. A compound such as OPF OH, which has been characterized, 
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is an analogue of a likely intermediate arising from the hydrolysis 


of PCl, and PBY i this and similar compounds could be tested for 


their catalytic effect. The understanding of the catalytic reaction 
might be useful in future preparative work on mixed ligand phosphorus 
compounds. 


S 
The study of the 1, longitudinal relaxation rate in PCl, and 


35 : : , 
PBr and the Cl transverse relaxation rate in PCl, as a function 


ey 
of temperature have yielded values for the spin-rotation coupling 


constants for these compounds in excellent agreement with the theoretical 


values calculated by DeverewL wea These studies have also pointed out 


' ‘ : au 
the importance of the anisotropic chemical shift mechanism to the P 


longitudinal relaxation rate of these compounds at 40.5 MHz. This 
mechanism has generally been neglected by previous workers in this 
field. The anisotropic chemical shift contribution to the relaxation 


rates of both the ete and ee nuclei may therefore be quite significant 


especially at high frequencies. 


In the present work, the reorientational correlation time, Th! 


35 
was determined from an experimental value of the Cl transverse 


35 : 
relaxation rate in PCl, and the known Cl quadrupole coupling constant 
in this compound. This value of is about one order of magnitude 
; 1,169 
smaller than the value calculated from the Debye-BPP equation. 
This indicates that results from studies whose interpretation is based 
ona T. calculated from the Debye-BPP equation may be significantly 
SSIS: 


in error. For example, in the studies by Hubbard and co-workers 


on CF. and SF_, the spin-rotation constants which have been obtained 
4 6 
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are about a factor of three larger than expected from molecular- 

} 122 ; , 
beam experiments. This discrepancy may be due to the use of too 
large a value of Ty! which was calculated from the Debye-BPP equation. 
If the discrepancy between the real and calculated values of t oS} 


the same in CF, and SF. aswnt is 2inythe PC1,-PBr, system then, the 


spin-rotation coupling constants calculated by Hubbard and co- 


97,98 % 
would be smaller by (10) ~ and would then be in excellent 


22 : 
agreement with the values calculated by Deverell. Therefore, it 


workers 


can be concluded that it is crucial to have a value of us based on 
experimental measurements, in order to interpret properly nuclear 


magnetic relaxation results. 
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APPENDIX A 


Appendix A consists of Tables AI to AXXXV which contain the 
concentration-time data for samples 1 to 35 respectively, for the 
kinetics in the PC1,~PBr., system. All concentrations are in mole 
fractions. For samples 1 to 8, the initial mole fractions of the 
reactants were calculated from the weight measurements of PCl., and 
PBr,- For samples.9 to 35, the initial mole fractions of the 
reactants were calculated from the mole fractions of all the species 
at equilibrium, as has been explained in the text. The half-lives 
of the reactions were obtained from the usual first-order semi- 
logarithmic plot, for those reactions that obey first-order kinetics. 
For those reactions not obeying first-order kinetics, the half- 
lives were estimated from the time-concentration plots. In the 


samples containing water, the water was distilled into the nmr 


tubes after the PCl, and PBY 4, unless otherwise stated. 


shu 
; ae 
ot D4 eeider Be 2k ANOw a xibas 


t €t — iia : tab smiin~ a 

if “4 ; i a 7 + 

oo ILA) We aeye.. Ae, roa atta ak 2 

; we >, 
be. “i 4, 
j j } ‘ m c i. = [egnt x! 2 t~o7F 
i 
, : _ le 
; 34 fiasatluolas 6%ew Sansa 
x er 


S16 Sk Pkt wit yah OF | ee lqmse Pie ae 
.s ak ‘ : 
x yr ‘ 4 fi. j We * r ste lev leS sisw @ 1A 4a 
mare? S) re. , 
1 ; iJ if 7 
od ged es ,mubade Eee 


$a 2 sow anokie > 
rf , ih 
fii mie ts lll oF arg as 


ao aa Laas ao nar yan Soa ‘andttoner per acid 


4 iD 
“23 3 — besealiao © iad « 
ie - io 
tes ON te ctyser, bits Megaw or vtal aac y aote 
; | fey: wry 


time (min) 


TABLE ATI 
, : a ie) 
Kinetic Pata at 41°C for Sample 1 with 


iN = 0.5 Poo = 0. 
F IN oy 0.49 


0.498 0, Ob 0.024 
Oe 3o7 0.061 0.085 
0.403 OV0SL OPO97 
O2 399 OSE9IG6 O.a2h 
0.380 OF 120 0.154 
0.346 0.139 OeLoz 
0.344 OfLS0 On 2 
0,327 On LGn. 0. L79 
Onsen Oe LoS Ov. 213 
0.306 Ot74 0.205 
0.292 0.188 Oe221 
0.279 0. 196 06236 
Oaz2e2 OT 1935 05253 
0.284 O2:20 0.260 
0.259 0.226 0.248 
0.247 0.224 0.267 
0.264 Ores 0.267 
0.254 0.226 0.279 
0.259 0.226 0.282 
0.244 0.235 0.289 
0.240 O5.210 Owe 
O26 OF2oL Oysl0 
O.955 0.260 O,259 
Oe 0.260 0.304 
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TABLE AI (Cont'd) 


ee et ee ee ee OMB LC dA. ee es 


time (min) NPBr, NpBr Cl Npprcl, “ect, 
ee ae ee eS ne ee ee ee 
149.2 Os22u 0.249 OTS05 Oe 22D 
Loos OF 2a? OR zit Oe Ss) 0.194 
LG 62 Oc L135 Oa) 0.314 GO. 201 
Ouse / 0.198 OZ OVSis eZ2 
£96.99 ORS 17083 Oe262 Deere Hs: Or BO) 
ZO0S6 3 Ola LO) 0.280 0.324 0.186 
209.4 OLo0 OU. 255 02330 07 Los 
ZL Oo OASIS, 0.340 0.180 
2 ded. Ole PS 0.290 0.347 0.483 
227.4 Onter Oso29 OR 356 0.154 
Zope S Ostet O30 One Ose 5 
Pre NS 8) O.L9S 0.302 ON325 ORD 
244.8 On e2 O<SL8 O2333 On oF 
Zo. 9 0.190 0.305 Osous 0... .L68 
Sia. 6 Gp RS, Ono) 0.2 OISAWSIS, 
S2hi 5 Ono On 300 Ons OR L6Z 
339).4 O.,L33 One 0.345 0.160 
346.4 O.LG6c 0.341 Oo O7..56 
356.9 O.178 Oso.) 0.338 OnLy 
369.°2 BLES: On322 0.354 Over oe 
401.8 Oven Onal5 Oo OS 
420.3 O5.L03 0.307 05352 OL /8 
8 days On ad. Onis20 0.343 0.160 
8 days (OS PRS) Usal0 Oe30> eas 
SRR A Be. ee 3 OR ee ee Eee 
: tyPBr, = 56 min, t,PBr,Cl = 59 min, t,PBrCl, = 52 min, 
oo = 52 min. Data obeys first-order kinetics. 
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Sample, prepared by weighing, contained 5.3 M PCl, anaeo. oe PBr..- 
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TABLE ATI 
F 5 a b 
Kinetac Dataj ate41°C for Sample 2° with 


iN =O. 35 04 = 0. 
; INC. 0.65 


0.280 0.035 0.075 
0.196 Os 0.124 
0.180 0.144 0.184 
05135 0.158 Or 212 
Onis 0.185 0.295 
OnLOs 0.195 0.295 
0.100 0.195 Omsas 
0.100 0.205 0.330 
0.095 Oe215 0.360 
0.085 0.220 0.360 
0.078 0.203 0.362 
0.080 0.210 05375 
0.080 0.195 0.380 
OsO7e 0.215 0.400 
0.075 O20 0.390 
0.080 Oo 205 0.380 
0.070 0; 220 0.385 
0.070 0.220 0.385 
0.065 Q2215 0.375 
0.070 0.220 0.340 
0.075 0.210 0.375 
02075 0.245 0.385 
0.060 05215 0.405 


205 


' Wa . "4 ~ Si ea 
avin “Ss atau! sat oee 2a “ated pds 
29.8 Sad ar - i S ar " 


: - 
; 
Ah | 4 “ 
% : 


u 
» & 1 
inns * 7 
' 


ee abet er ee “hee ii " 
at oa. 
gs a jane" aoe eo 
4 ; x ; 4 
pointe linet Seed ine ar — dale ne te emg mene PR ie a ae tt OE ’ 


bE.O: OBES. | : eei,d - | 08050 © 
| Tone, 


206 


TABLE AIT (Cont'd) 


enn nner 


time (min) N N N 
12 
Br. PpBr Cl Wessel PCl., 
LGD+D 0.065 Oa225 0.400 OeaL0 
EVO. O 07065 O23:5 05690 Ossio 
221.6 0.065 0.225 O.865 GO. 325 
24 hr 0.065 O.225 0.395 OF 325 
24 hr 0.060 0.225 O.365 OF 5350 
“ t,PBr, = 16.5 min, t,PBr,Cl = 16 min, t,PBrCl_, = 17 min, 
ot a 4 2 2 
t,PCl, = 18min. Data obeys first-order kinetics. 
2 


m Sample, prepared by weighing, contained 7.1 M PC1, and 


3.8 M PBY.,- 
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TABLE AIII 
: , a b 
Kinetic Pate “at “41°C for ‘sample 3° “wrth 


vieB = AO GOr, “PCL, = 0.34 


a I a 


time (min) N N N N 


4.7 0.544 OS ONS2 0.209 

O18 0.386 0.280 OSS 0.141 
14.3 0.374 0.829 09207, 0.090 
9.0 On 329 0.348 0.244 OL079 
24.0 0.334 0.374 0.230 0.063 
295 On S17 0.364 0.240 0.079 
34.0 0.326 0.360 0.240 0.074 
SOND 0.305 OSC" 0.238 0.068 
43.6 0.329 Orso? Onzee 0.061 
48.7 OnS27 0.382 O25 0.066 
5343 Oval O.579 OF 239 OF072 
58.5 0.314 On S77 OLZS2 06077 
S tPBr, = 5 min, t,PBr,Cl = 4.8 min, tyPBrCl, = 4.7 min, 

sb =4.0'min. Data obeys first-order kinetics. 


2 Sample, prepared by weighing, contained 3.7 M PCl, and 


7.0 MM PBY ,- 
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TABLE AIV 
: : a b 
Kinetic Data at 41°C for Sample 4° with 


“NEBL, = 0.64, ae : = O.3'0 


er a eee 


time (min) N N N N 


3) 0.609 0.008 0.020 0.362 
OTe Cea. OO 00383 O.3710 
14.3 O60: 0.027 0.045 O.o26 
21S O.. a2 0.041 0.065 0.341 
27.8 0.561 0.048 0-072 O53 21 
CRIS: O.557 0.061 QO. O61 Onset 
38.8 05550 0.068 0.069 0.313 
44.8 02523 O2075 0.072 0.329 
Deo 0.516 0.082 0.096 0.305 
50 «/ O250L 0.103 0.095 O27 301 
67.5 0520 0.108 0.104 0.269 
TERE 0.492 O15 0.094 Oeeor 
Sis) 0.494 0.134 Or. LOG 0.267 
OTes 0.535 0.124 Gee i ays 0.224 
BOS. 9 0.480 0.140 Os 27 0.2535 
I Re eS) 0.483 On bo2 Oyl2> 0.240 
12961 0.462 OL6S 0.144 05230 
134.6 0.467 OeArs 0.156 0.204 
147.2 0.445 OSS 0.146 0.224 
Pers t 0.451 Os LoS Os2o9 0.196 
LIZeS 0.432 O.224 0.160 0.187 
187.2 0.441 O.22) 0.176 Open Bests: 
1977.5 0.413 0.243 Ceti? OsLor 
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TABLE AIV (Cont'd) 


—_ eee 


ues) Nppr Se Cl Npprcl Npcl 
2 2 3 
eee Se Ns Wee Wen nee OEE So ) oe | Se ee oe ee a ee 
A a rea) 0.413 0.240 0.174 0.174 
22828 O.391 0.246 O2195 D167 
242.9 0.409 0.243 0.188 0-160 
Soest 0.387 0.270 0.290 0.154 
Zi2eD Oe RIS 0.263 OL 97 0.141 
27.9 0.367 O2299 0.204 Oreo 
S02..6 0.361. OS 295 On oS 0.145 
Si wis 0.356 0.286 0223.0 OnoEZ9 
332.0 OAcys'S) epee O5 242 0.102 
347.7 0.366 G..319 0.207 0.108 
BOzaD 0.370 022.06 O. 215 Oc 212 
Soe) 0.336 OL3.L6 On2s O25 
24 hr 0.284 0.402 0.238 O07 
24 hr 0.284 Of. 357 On2ol 0.098 
2 +, pBr. = 170 min, t,PBr,Cl = 162 min, t,PBrCl, = 106 min, 
re: ‘oe 2 2 
ocr, = 120 min. Data obeys first-order kinetics. 


S Sample, prepared by weighing, contained 3.9 M PC1, and 


6.9 M PB: 


il 
zu 
ie a 
a ee 
: ay a Sevens 
: 5 i 
ue ' 
a a street dei eimai an ite armani RE AIOE 
i ; i 
i a ver 
& 
4 5 
_ nn — we in Aptis — 
a “« 
‘ 4 ‘ = [heQ 
= ‘ ¥ 
" Luis 
| 
] 
ae a | 
a 
’ ; vi 


oof fy 

= 2 

ia . 

. \ VV 
f * “| 


aA 
i { & ga SES .U 
\ 
| i ee y) 30 , 
ms ee Chil acai detindinquone ST 
ze a 
a \ 7 : ‘ ad 
4 7 
* -* ie hal — a _ Per -eere? a i te 
AL =), bes Ps Ohad Se Ga, Aw! , BEAL «fil 7”, n 7 
¢ : as Ps 


“* = by " = 
A, es pe’ Bn _ Tr \ + 
seen. tiere-varlt evede 6360. . .4im 


09 4 pening ag . 


210 


TABLE AV 
: ; a Dak, 
Kinetic Data at 41°C for Sample 5° with 


iN =) 02 63.a5 3 = 0. 
0.63 ee OFT 


SSS a ee ee ee ee ee se Se 


en) NPE, “PBr Cl “PBrCL, “PCL, 
on a SS ere ee 
9.5 0.597 0.039 0.038 GL 326 
15.0 0.574 0.071 0.069 0.286 
22.5 0.548 0.092 0.082 0.278 
28s 1 0.519 0.106 0.105 0.270 
34.6 0.498 Orie Oi 132 0.249 
40.0 0.470 0.134 0.145 0.252 
47.0 0.466 0.158 0.134 0.241 
52.2 0.463 0.173 0.130 0.234 
59.4 0.462 0.173 0:153 0.212 
ova 0.419 0.200 0.173 0.208 
82.5 0.391 0.214 0.193 0.203 
Syl 0.419 0.212 0.182 0.187 
102.4 Oneue 0.247 0.204 Ong 
Hi2.3 0.387 0.243 0.202 0.168 
122.83 0.380 0.255 0.212 0.153 
Loo O.o5o OS 27, Os2.s On £57 
142.5 One Ge 0.274 0.207 0.156 
152.3 0.352 0.296 0.215 0.136 
164.9 0.352 0.309 0.205 0.134 
£7202 0.333 0.319 0.205 0.143 
182.8 0.340 O.322 0.233 0.114 
197.9 0.317 Oecor 0.232 0.130 


241, 


TABLE AV (Cont'd) 


EE a a ae he ee ee Ph ES A 2k Sk: ES ee 


time (min) Ni. N N N 


21258 0.318 0.304 0.254 OZ 
een. Cls07 OS335 02236 On e22 
Zan W305 0.340 On 225 0.126 
2ouse O.2796 0.349 0.237 OSG 
ZISed 0; 320 0.338 0.246 Oo aeb: 
281.1 07.293 0.364 0.249 0.094 
302.8 0.283 07.851 0.270 0.096 
519.4 0.264 0.386 0.253 OQ. O97 
530.2 0.278 0.875 0.256 6.091 
59.8 0.274 0.892 0.258 0.076 
602.8 0.272 0.389 0.258 0.080 
236 hr 0.270 0.403 O.255 0 O72 
23) nr 0.2/8 0,392. 0.260 0.072 
i tPBr, = 72 min, t,PBr Cl = 86 min, t,PBrCl, = 74 min, 
tH PCl, = 82 min. Data obeys first-order kinetics. 


2 Sample, prepared by weighing, contained 4.0 M PCl, and 


6./ M PBr.- 
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TABLE AVI 
; i a b 
Kinetic Data, at 35°C for Sample 6 with 


“NpBr., = 0,41; winch = 0.59 
22 4 XR» te. | ee Snes Fey 40 - SMM a! a 


time (min) N N N N 


2.0 O38 0.025 0.047 0.548 
Ley” Oe S69 05.030 0.024 0.576 
ie ds 0.402 0.042 0.059 0.497 
PS. OS tue 0.047 O.079 0.502 
23.0 OQ. 357 0.072 0.081 0.491 
PAS NSS) 0.320 0.085 Dien OF. 0.494 
34.9 0.309 0.091 0,109 0.491 
40.6 0.300 0.100 0.138 0.462 
46.2 0.306 Orns 0.130 0.451 
Sak 0.278 O5.03% 0.142 0.449 
57.0 0.306 0.133 0.142 0.419 
62.7 0.281 0.143 0.158 0.418 
71.8 0.250 0.159 O05 193 0.398 
1826 O2252 0.173 0.174 0.402 
84.5 0.265 O27 Ones 0.372 
90.6 0.241 0.189 OSG 0.374 
96.2 O..253 O7152 0.204 Onset 
104.7 OnZo7 OS ETT. 0.212 0.374 
110.1 0.254 0.200 On 2i7 Os329 
SSeS 02230 OFl79 Ovee 0.361 
Le2ed 0.244 OL 71 0.241 0.344 
13267 On225 Onli a 0.232 0.373 
141.9 0.218 0.181 0.228 O6373 
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TABLE AVI (Cont'd) 


LOLA ILE LLL ESL A TE SS SS SSRN 


a ‘pBr : ‘DB ged NpBrcl : mele 
£5276 On2Zis Union OFZ OSS62 
holies On220 On 209 0.225 0.346 
173.4 0.245 0.174 0.243 0.368 
ESTs.) 0.226 Ou 0.242 0.354 
202.0 O.218 OL LS7 Os2ac Q.s3¢ 
330.0 OnLo9 03205 0.280 Oe LG 
335.60 OP LSS Os PAO) 0.266 0.340 
Sy ag eke 02099 OPA Sie: Oeo0 2 O.257 
32-he O2096 0.249 Om Stete, On 265 
is he = 70 min, ei ehe Ace = 54 min, BEES = 87 min, 

i Soars = 57 min. Data does not obey first-order kinetics. 


= Sample, prepared by weighing, contained 6.5 M PCl, and 


Ai 15) jet PBr + 
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TABLE AVII 
‘ : a b 
Kinetie Data at 35°C for Sample 7 wath 


“PB, = 0.42, “oe = 0.58 


time (min) N N N N 


2.4 0.389 0.018 Gert5 0.478 
8.4 0.303 Ol095 pra ised 0.472 
14.2 On 276 O.167 Os Los 0.374 
20.6 0.186 OT L97 On Zoo Ov soe 
Core Osic? 0.220 0.2955 Oye Hes) 
32.4 0.140 O. 252 Uec2s O.265 
3G u3 OST25 0.262 0.340 Q.253 
44,3 Ge Wns) Oe273 0.354 O.250 
DUO is es 8 hs) 0.290 LOS sts) 0.247 
56.5 Ce Oy 0.261 Grar2 0.259 
62.3 Ovi OA, 0.368 0.230 
114.3 O<lis 0.334 0.350 O7ZLO 
shed yng 0.103 O.279 Ossa7 O3230 
8 hr 0.095 ep ay ie C2590 0.241 
7 tyPBr, = 10.5 min, t,PBr Cl = 10.3 min, tPBrCl, = 12.5 min, 
met, = 10.8 mins Data obeys first-order kinetics. 


” Sample, prepared by weighing, contained 6.4 M PCl, and 


4.6 M PBY ,- 
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TABLE AVIITI 
5 : a b 
Kinetic Data, at 35°C for Sample 8 with 


““pBr, = 0.42, See = 0.58 
al eee ee he el a ee 


time (min) N N N N 


SS PpeveL PERCH PCl. 

Giss3 0.373 0.047 0.048 OW pos 
14.4 0.358 0.052 0.079 Siesgoys tlh 
20.3 0.335 0.094 02095 0.475 
26.3 06336 0.098 0.134 0.432 
Saal Ov2e5 Ore ea 0.162 0.433 
39.65 Oe2ais 05136 0. Lo7 0.394 
45.4 Oe263 0.131 0.208 0,336 
oH eS) 057255 02170 0.247 0.328 
SYS) O% 2S 0.165 0.223 0.397 
63.3 0.226 Oc 159 0.244 0.342 
72.4 0.195 O.195 0.265 0.345 
62.5 0.188 0.208 0.281 0.323 
TAeo 0.174 OF235 02256 0.339 
102.5 0.184 O07, 251 0.269 0.317 
112.4 O.l74 0.234 0.286 0.305 
£2220 0.167 0.267 Ons BE 05255 
13257 0.166 Or222 0.315 0.296 
142.3 0.143 0.246 0.349 0.262 
Leas Ono 0.245 0.335 O.285 
177.4 0.130 0.245 OF 356 0,269 
184.6 Orzo 0.254 0.346 ear 
ihe Para 0.147 0.256 0.321 0.276 
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TABLE AVEEE (Cont'd) 


i tn rere renee 


3 : 
Seen) NpBr NpBr.Cl Npprcl ‘pel 
3 2 2 3 
LOTS OAS 0.260 0.344 0.282 
ZL2.4 Oot 0.248 0.366 07259 
Betws Oindi22 Du258 0.333 0.282 
24 iY 0.095 0.274 0.879 O2253 
OF fon ye O09 O27 O73 Oe25s 
a ; : ; 
ee = 53 min, ses = 48 min, Beso = 48 min, 
uy Pcl, = 45 min. Data obeys first-order kinetics. 
2 


: Sample, prepared by weighing, contained 6.3 M PCl, and 


4.0 M PBr.: 
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TABLE AIX 
‘ : a JP, 
Kinetic Data at 33°C for Sample 9 with 


iN =a ° 9 i = e 
Onsie se IN5cl 0.61 


time (min) N N N N 


PBY, PBr Cl PBLCl Pe 

gh Sle ae ns ee EE: Ae ea ee mY 
Srke! 0.334 OB0S9 0.042 03585 
aire Oe a Re) 0.068 O.09c 0.222 
2057 Oe29 i D028 0.124 0.494 
Zo 0.288 O29 O..6u: 0.451 
S625 0.268 Oe RS) OeeLow 0.431 
45.6 0.264 Or ou 0.192 0.406 
54.5 0.234 O...153 0.218 0.395 
GS. 3 Oszeo Os 17d 0.224 0.379 
VATS 0.226 One sb O.2o5 0.368 
80.2 0.214 06273 0.250 0.362 
OO oa 0.210 0.182 O< 255 0.353 
22000 0.170 0.218 0.304 0.309 
Peed 0.149 0.224 O. S29 0.308 
(ik seelshe On L360 0.243 0.341 0.287 
8.0 hr 0.124 0.244 OeSa0 0.300 
7. © ot 0.108 0.241 0.250) @.302 
NED Br Fah 0 On EE? 0.242 0.342 0.304 

e tyPBr, = 50 min, t,PBr Cl = 40 min, t)PBrCl, = 38 min, 
weecl = 31 min. Data does not obey first-order kinetics. 


Sample was prepared on a grease-free system. 
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TABLE AX 


‘ : a 
Kinetic Data at 60°C for Sample 16° with 


PB = co i = 7 
ry O59 INnc 0.41 


SSS SS a a eee eee ee Oe ee ee 


time (days) N N N N 


0.0 0.388 0.000 0.000 0. 612 
° 0.414 0.000 0.000 0.586 
0.8 O3332 0.032 0.046 O7590 
0.8 ONS 23 0.027 0.043 0.607 
Lg 0.303 0.074 0.091 Os 532 
1 MRS Oe3.02 0.065 0.097 05536 
do. 0.308 0.064 O..095 On 5353 
3.0 0.304 0.060 OLS Oeo22 
3.0 0.308 0.060 OF LTO 08522 
6.9 0.224 0.148 OF 200 0.427 
6.9 Qu2st Os 1S0 (ls PAE 0.407 
LO.0 O.177 OsiZi5 0.265 0.344 
10.0 ONLOG Of 216 OS2 7a: 0.347 
14.0 0.138 0.258 OEASS, 0.305 
14.0 Ocak O20 0.307 O23 22 
26.0 Oey, 0.282 0.340 0.261 
26.0 On d22 0.266 0.332 On279 
42.0 0.106 0.264 0.353 O2278 
42.0 0.107 05.263 02373 G..257 
63.0 07099 O228F Oe oo 0.268 
63.0 0-097 0.269 0.353 0.282 
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TABLE AX (Cont'd) 


ti d 
ue av) Nopr Nopr Gul Npprcl Nec 
3 » 2 
Eso. 0 OsL04 0.285 Ovoae 0.269 
LOO. U OK LO9 On2 Sl Ons52 ORZ58 
150.0 O.105 0.292 0.349 O.254 
150.0 On LOS 0.290 OesoDz O22 55 
a — 
See = 4.9 days, See = 5.1 days, eee = 4.9 days, 
tPCl., = 5.0 days. Data obeys first-order kinetics. 
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Sample was prepared on a grease-free system. 
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TABLE AXT 
: : a Le ie 
Kinetic Data, at 60°C for Sample 11 with 


in = 0.51, in, = 0.49 


PB, PBr Cl PBECL PCL, 
0.520 0.000 0.000 0.480 
0.459 0.000 0.000 0.541 
0.483 0.000 0.000 0.518 
0.495 0.000 0.000 0.505 
0.384 0.095 0.098 0.423 
0.377 0.091 0.089 0.443 
0.358 0.158 0.148 0.336 
0.356 OsUGT 0.143 0.341 
0.327 0.156 0.156 0.361 
0.334 0.144 0.168 0.354 
0.330 0.189 0.180 0.300 
0.332 0.193 Orly 0.303 
GL 238 0.277 0.247 0.238 
Qu232 O2274 0.254 0.240 
0.230 0.290 0.254 G2226 
0.215 0.316 0.257 Opzi2 
0.207 0.336 0.262 0.195 
0.206 0.326 0.268 0.200 
0.196 0.346 OL 271 0.186 
0.197 0.355 0.257 0.191 
0.196 0.332 0.273 0.199 
0.188 0.329 Oro72 On212 
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TABLE AXI (Cont'd) 


penetdays) Nppr Nppr Cl Npprcl Npcl 
5 2 2 | 
63.0 O.203 e555 0.278 On LSS 
63.0 0.200 ON342 05272 0.186 
150..0 0.194 OnSs9 0.279 021389 
150.0 0.191 0.343 0.283 0.184 
50's 0 0.196 0.340 OF2e1. Obes 
SOLS, Ono] 0.340 O. 281 O16. 

c BEC = 3.0 days, ee = 3.0 days, Pees = 3.0 days, 

eS = 3.1 days. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 
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TABLE AXITI 
5 : a b 
Kinetic Data, at 70°C for Sample 12 with 


in = 0.45, i = 0.55° 
ome 59 0.55 


0.400 0.000 0.000 
0.417 0.000 0.000 
0.402 0.000 0.000 
0.400 0.004 0.000 
@2299 0.034 0.030 
Ors29 0.034 0.030 
O2270 0.058 0.056 
0.368 0.059 0.053 
0.361 0.066 0.078 
0.365 0.066 0.078 
05315 On22 0. £33 
0.299 Oris 0.146 
0.287 Oule9 ye) 
O.279 Owise 0.175 
0.267 0.184 0.223 
One5e2 0.277 0.222 
Omar 0.244 0.311 
0.185 0255 0.307 
0.124 0.307 0.389 
0.133 Shere 0.362 
O30 0.301 0.358 
0.130 0.300 0.358 
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TABLE PAX II \(Gont! d) 


time (days) N N N N 


sir PBr Cl PBrCl., PCE 

149.5 0.140 Orstd 0.343 Or 20s 
149.5 ORs 0.503 02350 Ge20 F, 
Lao. 5 O.132 0.289 0.368 OF2ET 
Une ee, O.nk37 On .293 07350 On 203 
a 

Beer. = 11.0, days; Ut ee = Ul. 2 days, 5 ae = 10.2 days, 

t,PCl, = L0.2udavyss Data obeyserinst—order kinetics. 

a 
b 

Sample was prepared on a grease~free system. 
: However, the average value at O day yields iN a7 = 0.41, 

3 
i = SOO 
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TABLE AXIII 
: : a b 
Kinet cyuData » ats/0°C for Sample 13° “with 


in = 0.41, j = : 
‘ ING] 0759 


0.376 0.000 0.000 
07385 0.000 0.000 
0.386 0.000 0.000 
0.380 0.000 0.000 
Gr372 0.019 0.007 
0.368 0.019 0.007 
0.339 0.028 0.048 
0.335 0.032 0.048 
0.341 0.051 0.053 
07353 0.049 0.054 
0.295 OFL07 0.136 
0.303 0.104 Os135 
0.261 Op116 Ong 
0.268 Oni 23 0.169 
0.234 0.181 0.218 
0.226 0.169 0.225 
0.163 0.224 0.318 
OR L792 On227 0.320 
0.096 0.290 0.376 
0.096 0.285 0.385 
0.084 0.302 0.377 
0.088 0.276 0.383 
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TABLE AXIII (Cont'd) 


time (days N 
eave) PBr Nppr ch Npprcl Neel 
3 2 2 

T4975 0. 103 Oe zor O36S 0.246 
149.5 0.092 On2e6 OFS 70 OnZa2 
the 8S AS) Oe027, Din260 0.03880 0.255 
149.5 0.094 On. 279 O.,3145 O1.2535 
: eee = 12.4 days, -)PBr Cl = 10.5 days, €, PBrClL = 10.2adave, 

% 3 4 2 %, 2 

t PCL. = 8.8 days. Data obeys first-order kinetics. 

2 
b 

Sample was prepared on a grease-free system. 
A However, the average value at O day yields tos =i O.30, 

3 
i = 0.62. 
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TABLE AXIV 
- ; a b 
Kinetic ata, at 35°C for Sample 14° with 


= 0.42, i = 0, : 
r ING] 0.58 and 0.0303 mmol H,0 


Ona 7% 0.039 0.041 
0.293 0.089 0.105 
0.309 OnLts 0.146 
0-252 0.139 Ome 
2255 0.149 Os 207 
0.226 0.174 0.238 
0.220 Oste7 0.260 
0.200 O97 0.268 
0.197 0.210 0.283 
0.169 O.223 0.298 
0.160 0.237 0.307 
0.144 0.238 One2) 
0.147 0.245 0.332 
O.135 Ge2ou 0.338 
Oe 3o 0.264 0.341 
Ook 02263 0.347 
Oo 29 0.258 0.359 
One 0.265 0.355 
0. 109 0.272 0.379 
0.105 0.276 0.382 
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TABLE AXIV (Cont'd) 


time (min N 

see PBr ‘BrCl NpBrCl Neel 

S 2 3 
20.0 hr , OelOS. 0.293 0.380 O.222 
20.2 hr 0.104 Os282 Or3S2 OgZst 
a me ‘ 7 : 
yaa = 33 min, US = 33 Min, Sey = 32 min, 
t,PCl., = 33 min. Data obeys first-order kinetics. 
2 


Sample was prepared on a grease-free system. 


e : 5 
Determined from the volume of its vapour. 
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TABLE AXV 


; a 
Mineflic Date, ,at 35°C for Sample “ee with 


= 0.41, in ='0.59 and 0:0132 Mmolsnso- 


PCL 
3 


0.373 0.028 0.014 
0.355 0.036 C2020 
0.345 0.056 0.048 
0.319 0.067 0.076 
0.304 0.083 0.089 
0.300 0.087 05103 
0.292 0.099 0.130 
0.246 0.136 0.158 
0.238 0.148 0.184 
0.210 0.167 0.208 
0.203 0.183 0.211 
0.155 Os227 0.286 
0.163 0.223 0.295 
0.153 0.238 0.298 
0.150 0.236 0.304 
0.147 0.240 0.316 
0.135 0.246 Oes2t 
0.129 0.248 O.327 
0.135 0.245 0.334 
Ost 0.235 0.334 
OSLEZ 0.254 0.353 
O17 0.244 0.351 
ae le} 2252 G.351 


” 


228 


~~ 
+ a - », ae y 
is ‘ ] 
i £ } 
‘ . be, ‘ 
i Basal fh } 
n ' Vy 
i 7 
' ‘i 
; : 
Sa = 
« Ue " : = 
D wa -: - : i" 
pf. : hye 
i 4 ‘<= 
St tie | } ” © 25 SPE | colton, 
. 
~ am 
io -Q - ee 0 = 
" i . 
; ; 
= ~ A 
a —~- en a = cod ’ ; 
~ 7 


~ eres i 
Rae 
aa ad 
! ; < Gal 
he, 
} ict.9 
‘i / 
iy et 
) Cc. Say 
- i 
{ ee .6 “ 
° a - js, q 
] 1,0 iz 


- 


a a ge ene 


229 


TABLE AXV (Cont'd) 


tere nner wena 


ti min N 
ane nat) PBr Nppr.Cl Npprcl Npcl 
3 2 2 3 
498.2 On Ld2 On253 OF 3D 0.278 
19 Seg Mie o's 0.100 OF265 0.359 OPzr 6 
Pero. ay 0.099 0.261 BeSwyiae 0.269 
5.0 days 0.095 OF 248 05385 0.242 
5.0 days 0.096 Ore 277, O. 3.66 0.239 
a ; d 
ees = 70 min, a een ACER eye ges = 84 min, 
t Pcl, = 86 min. Data does not obey first-order kinetics. 
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Sample was prepared on a grease-free system. 


© Determined from the volume of its vapour. 
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TABLE AXVI 
: ; a Loi er 
Kinetico Data at 35°C for Sample 16 “with 


= 0.41, j = 0. , . 
; INC 0.59 and 0.0193 mmol ne 


0.364 0.032 0.034 
0.316 0.081 0.084 
0.287 0.130 0.143 
0.244 0.152 0.178 
0.233 0.144 0.215 
0.209 0.173 0.236 
GO. 204 0.175 O52 mu: 
0.171 Olga 0.288 
oO, 178 Ce 0.301 
0.156 0.216 G. 307 
0.153 0.238 0.317 
Gye heal 0.252 0.350 
0.118 0.259 0.365 
Ou? 0.270 0.355 
0.112 0.276 0.35 
0.106 0.277 0.372 
0.106 Os277 0.372 
0.104 O27 0.377 
0.105 0.263 0.385 
0.106 0.273 0.374 
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TABLE AXVI (Cont'd) 


——— ee 


time (mi N 

ame (an) PBr Nppr CL “PBrCl, Neel 
4.2 days 0.104 0.274 OS SE 0.246 
4.2 days OF LOZ OSZKS 0.374 0.248 

“ t,PBr. = 27 min, t,PBr.Cl = 29 min, t,PBrCl. = 26 min, 

4 5) 4 Z 4 2 
t,PCl., = 26 min. Data obeys first-order kinetics. 
22 


Sample was prepared on a grease-free system. 


7 Determined from the volume of its vapour. 


ee enn eenacianl 
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time (min) 


ang PEEae! Perel; PCI, 
Sed 0.349 O03 O.059 Oc555 
Reel) O2263 0.086 OSL36 Cigge Wels) 
A ls e's} 0.244 0. LLG OS2LE 0.423 
Zoe 0.164 0.168 0.280 0.389 
CAS eed) Oc a2 Oris Ceo Ono 22 
37.4 OSES e209 0.349 O2a25 
44.8 0.108 O.zs7 02566 O.237 
S556. 0.098 0.244 Owes 02263 
GOcL 0.096 OPAC KS) O23c5 O228L 
68.5 0.091 0.239 0.386 0.284 
74.9 0.090 OL239 0.388 OAS 
83.4 Det SM 0.254 0.384 0.270 
106.0 OF09F 0.249 O2385 O2274 
2209 0.084 Oazoe F390 Oe27 5 
4.0 days 0.088 OwZo0 0.388 0.266 
4.0 days 0.086 OFZ50 OFSe OF283 
2 tPBr, = 11.5 min, t,PBr Cl = 12.5 min, t,PBrCl, = 10.5 min, 
3 = 11.0 mine» Data obeys first-order: kinetics. 
Sample was prepared on a grease~free system. 
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TABLE AXVII 
é ' a 1D gy! 
Kinetic Data at 35°C for Sample 17 “wiecn 


= 0.38, i = 0. i 
: IN] OF62 and "070258" minor ae 


* Determined from the volume of its vapour. 
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TABLE AXVIII 
: : a b 
Kinetic Data at 35°C for Sample 18 with 


= 0.41, i = 0, ® 
: IN oq 0.59 and 0.0064 mmol H,0 


0.407 0.000 0.000 
0.378 0.019 0.014 
OF356 0.032 0.028 
0.355 OO 3<h 0.043 
O30 0.041 02056 
0.341 0.046 0.058 
0.332 OS051 0.073 
05359 0.063 0.082 
0.321 CeO. C2095 
0.292 0.080 0.098 
On297 0.090 0.118 
O2277 0.105 0.136 
Os282 0.124 On 1S7 
0.270 0.137 0.159 
0.218 0.184 06225 
Oe205 0.184 0.230 
0.200 0.196 0.244 
02139 0.204 OL2oL 
Ocb7s 0.214 0.286 
Opie 0-212 0.291 
0.167 Os 2e0 0.302 
One On aus, 0.309 
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TABLE AXVIII (Cont'd) 


eee 


time (min) N N N N 


PB PBr Cl PBrcL PC1, 
Ly a A 9 eg 0.122 0.270 0.349 05259 
LN fete Nees 0.120 0.262 0.348 08270 
ee ny OF LOS Oa269 0.369 0.254 
23-0 1r 0;.. 109 0.268 OSES 0.261 
47.0 hr 0.104 0.267 ORs On 2or 
AT. Ose OR109 0.268 ORs 0.246 

a 


Peveies = bo 2eminy co, Perc Cw, = 150 min, “oP SLC. ga kG? iii, 
oy 8 D Z , 2 


t Pcl, = 156 min. Data does not obey first-order kinetics. 
2 


Sample was prepared on a grease-free system. 


: Determined from the volume of its vapour. 
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TABLE AXIX 
‘ ‘ a oD 
Kinetic Data at 35°C for Sanple WO with 


: - ‘ 6 c 
1N = 0.40, IN 5c} 0.60 and 0.0130 mmol HAO 


Sample was prepared on a grease-free system. 


“3 Determined from the volume of its vapour. 


a5 


eee “PBr PBr Cl PBrCl “PCL, 
ee OT ee eee 
4.8 0.328 0.054 0.069 0.549 
lee 0.292 0.090 G15 0.483 
18.6 0.272 0.115 0.174 0.439 
25.2 0.228 0.146 Qn2i1 0.416 
B29 0.202 @c1g2 0.247 0.380 
39.1 kre 0.200 0.268 0.359 
45.9 0.166 0.196 0.298 0.339 
Ba. 0.153 0.215 0.314 faecal) 
59.7 0.143 0.209 0.334 Ovals 
68.6 Odes 0.240 0.339 0.288 
Fall 0.118 0.250 0.350 0.283 
93.3 @ site 0.255 0.355 0.278 
1.07 aif 0.102 0.251 inges 0.272 
122.9 0.099 0.258 0.383 0.260 
226.5 0.095 0.258 0.382 0.265 
234.3 0.095 0.258 Ousge 0.270 
28.6 hr 0.094 0.254 0.385 0.267 
Fe WEG OMS a 0.097 One 02375 O.257/ 
- tyPBr, = 23 min, t,PBr Cl = 23 min, t,PBrCl, = 22 min, 
es = 20 min. Data obeys first-order kinetics. 
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TABLE AXX 
: : a (Ok ee 
Kaimeric  Data® at 35°86 fom Sample 20° with 


iN = 0.39, ; = 0. e 
ny oF IN Q.61 and 0.0193 mmol ne 


Ds 0.300 0.068 OV0% Q. 531 
9.0 0.234 0.122 0.195 0.451 
2000 0.186 0.1.82 0.284 6.347 
222 0.139 0.200 0.320 0.341 
B34 0.140 0.232 0.337 0.290 
40.4 OQ. H22. Q).'237 0.358 0.284 
45.5 0.118 0.240 0.363 0.279 
53). 1. 0. 102 0.242 0.378 0.278 
59.7 0. LOd 0.252 O37 0.273 
67.2 0.098 GO. 255 0.379 0.268 
76.8 0.102 0.260 0.378 0.259 
84.3 0.093 0. 250 0.397 0.259 
AN ew as: 0.094 0.259 0.391 0.256 
116.3 0.093 0.261 0.387 0.259 
129.8 0.095 0.268 0.384 0.253 
eye al 0.090 0.268 0.379 0.263 
13a? ahr 0.089 0.260 0.392 0.259 
i t,PBr, = 13.5 min, t,PBr Cl = 13.0 min, t,PBrCl, = 12.0 min, 
Ls iy aa = 12.0 min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


< Determined from the volume of its vapour. 
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TABLE AXXTI 
: a 1D? os 
Kinetic Data at 35°C for Sample 2 wath 


in = 0.37, iN = Ou63: arid) O\O26: mao ao” 
? PCl1 2 


time (min N N 
( ) PBr PBr Cl Neprcl Nac1 


2.9 0.335 0.042 0.033 0.589 
9.9 Gear? 0.064 0.084 0.575 
16.8 0.284 0.084 O!1T7 0.514 
251 0.236 Cobia 0.146 0.504 
31.8 0.230 0.125 0.182 0.463 
25.1 Orels 0.136 0.195 0.450 
45.7 0.189 0.161 0.219 0.431 
54.2 0.183 0.167 0.230 0.420 
7203 0.155 0.195 Oe277 0.373 
79.9 Os147 0.199 0.282 0.373 
92.8 0.149 0.205 0.298 0.348 
108.4 0.127 0.209 0.310 0.354 
ipa: 0.125 0.215 0.316 0.344 
153.5 0.119 0.226 0.336 0.319 
354 days 0.080 0.247 0.381 0.292 
354 days 0.078 0.249 0.384 0.289 
354 days 0.083 0.248 0.376 0.294 
354 days 0.077 0.250 0.381 0.292 
tyPBr, = 46 min, t,PBr,Cl = 41 min, t,PBrCl, = 45 min, 
,PCl, = 42 min. Data obeys first-order kinetics. 
b 


Sample was prepared on a grease-free system. 
o Determined from the volume of its vapour, and allowed to react 


for 2 hr with PBr. prior to addition of PC1,. 
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TABLE AXXII 
: : a ee, 
Net WeaGa lat BSc Gor Sample 22 wwittth 


; . C 
= 0. = 0. , 
1N BOL, ANC] 0.161 and ‘0..0126 mmol H.0 


ah: min N 
Bie tara}) Nopr PBr Cl Npprcl ‘ Noc1 


216 On27 0.045 Ona OL 5216 
HO. 1 0.234 0.125 O95 0.446 
16.7 0.210 O. 168 OLZ 56 Ono 
23%.9 On 71 O.205 OnwEL OFS 45 
3a 0 0.154 OZ 0.306 Ona 2> 
38.0 O.d 32 OV227 OL 3277 0.314 
44.7 0.426 0.233 02536 02305 
ou bam O.a 1S 02255 0.342 i e@AS TS) 
62.0 O. 116 Os 264 0.348 Ot275 
70.8 0.108 Ou265 OtS56 Ort 
S2.6 0.097 0.262 UsS65 0.274 
938.33 0.091 0.267 OrS7t Or27 i 
354 days 0.081 0.264 Orss7 0.268 
354 days 0.080 Ox276 0.374 05270 
354 days 0.082 0.258 02385 0.276 
354 days 0.084 02262 OFsc5 0.269 
S t,PBr, = 12.5 min, t,PBr,Cl = 13.0 min, tPBrCl, = 11.0 min, 
Buecl, = 10.5 min. Data does not obey first-order kinetics. 
b 


Sample was prepared on a grease~free system. 
ri Determined from the volume of its vapour, and allowed to react 


ov s2 hr-with PBY, prior to addition of PC1.. 
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Fa Ne 28 Lasa-eenee 


- aes wae 
aoe 
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poe ~ Bowe Lis Pee: ‘ att ft ane nth ri 
' on 


poe er) “PBY,, “PBr Cl Npprcl Neel 
3.0 0.336 0.013 0.022 0.629 
10..0 0.303 0.041 0.053 0.603 
16.8 0.289 0.052 0.072 Oe Ow 
24.1 0.284 0.062 0.089 On 6S 
30.7 0.279 0.074 O.03 0.548 
40.2 0.257 0.084 Oe OSs 7, 
47.6 O.257 0.093 0.146 0.504 
63.31 00235 O's1.1.0 Ono 0.483 
ay. 0.205 Q aL 36 0.200 0.459 
93-3 0.183 0.149 O%227 0.441 
250.16 0 sk9 Osa 0.334 0.334 
258.52 OLS Ose2ile/ 0.334 0.334 
368.0 0.099 Owed O S361 Orso 
374.0 0.097 0.223 0.364 On 5 
354 days 0.076 0.234 Oras 6 0.295 
354 days On067 Deaeo 0.402 07309 
354 days 0.076 0.42338 0.398 0.288 
354 days 0.076 0.234 O.ooL 0.300 

- tyPBr, = 100 min, tPBr Cl = 76 min, t,PBrCl, = 96 min, 

EekGhs = 82 min. Data obeys first-order kinetics. 
< Sample was prepared on a grease-free system. 


TABLE AXXIII 


Kinetic Data” at 35°C for Saniphe 33° with 


= 02367 .2N 


PBr PCL 
: 3 


0.64 and 0.0127 mmol H.0° 


2 
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© Determined from the volume of its vapour, and allowed to react 


for 2 hr with PCl. prior to addition of PBr 
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TABLE AXXIV 
; ; a coe 
Kinetic, Data”~ at 35°C fox Samphe 24° with 


in = 0.35, in =O. 6S andh Ox Ole moda «0 
: Pcl, 2 


Rn a ee ee ee Ee a ee 


time (min) N N N N 


at. 5 OQ. 33 0.026 0. 087 O. GES 
9;. 0 0. 283 0.061 QO). O59 O,. 5917 
RS. G Oy. 263 0.086 Or. Vo 0.550 
aye 7 On 23h 0.104 0.134 O.. Se 
23.8 Oy. 2S Ono On hor QO; 50:2 
36.2 O.192 On BOL 0.187 0.490 
45.1 0.483 Q.. L58 0. 219 0.440 
52... 6 Oi. E50 0.164 0. 252 0.434 
6s. / 0.146 0. LOL 0.268 0.395 
12.7 0.120 0.190 0.292 0.398 
SoS 0}. LES 0.200 On 297, 0.384 
354 days 0.070 0,228 0. 3:94 0.308 
354 days 0.068 Os 230 0.387 0.314 
354 days 0.064 O..225 Oi. 392 0.320 
354 days 0.069 0.224 O2392 0.315 

‘a ee = S35 Mon, By Bote Se = 29 min, gp = 38 min, 

au Cae = 37 min. Data obeys first-order kinetics. 


. Sample was prepared on a grease-free system. 


s Determined from the volume of its vapour, and allowed to react 


fore? hr with Pcl, prior to addition of PBY 
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TABLE AXXV 
‘ ; a e cae 
Kinetic Data ,at 35°C for Samplé 25 with 


iN = 0.38, i = 0. ; i 
2 ; IN Bcj 0.62 and 0.00759 mmol H,0 


time (min) N N N N 


3.5 0.332 0.027 0.014 0.627 

9.6 0.304 0.050 0.044 0.602 
15.7 0.279 0.071 0.084 0.567 
28.3 0.253 0.096 0.123 0.528 
40.7 0.229 0.120 0.183 0.468 
55.1 0.184 0.165 0.232 0.419 

q2 37 ey, 0.183 0.249 0.392 
81.3 0.144 0.191 0.292 0.373 
93.3 0.139 0.205 0.309 0.347 
110.2 ene 0.212 eer 0.338 
Te. Ora 0.219 0.347 0.314 
159.1 0.102 0.229 0.365 0.305 
19.0 hr 0.092 0.243 oe wie 0.288 
19.1 hr 0.088 0.247 O71 0.294 


a 


a 2 a = ‘ 
Ee. = 38 min, i = 37 min, Tae 34 min, 
t Pcl, = 34 min. Data obeys first-order kinetics. 
<2 

b 


Sample was prepared on a grease-free system. 


© Determined from the weight of the cobalt complex. 
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TABLE AXXVI 
, . a b 
Kinetic Datas at 35°C for Sanple)26 wath 


‘ e 
iN i . = ° e 
O30", AN Sci 0.62 and 0.0145 mmol HO 
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225 0.302 0.074 0.108 On Sule, 
8.6 Osl65 0.183 O1n239 0.412 
14.8 0.146 0.208 0.307 0.339 
2033 O<EO2 0.242 0.341 0.314 
2007 0.096 Os 257 O's 361 0.286 
o2c9 0.084 03256 0.374 0.286 
ioe we) 0.090 05250 0.376 0.284 
46.9 0.080 02255 O6379 0.286 
GLet 0.086 0.249 0.374 O229% 
is eden = 6 min, a ere = 6*min, ep ANS = 6 min, 
users = 6min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


° Determined from the weight of the cobalt complex. 
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TABLE AXXVII 
‘ ; a b 
Kinetic Data at 35°C for Sample 27 “with 


in = 0.38, i = 0. ° 
8, ING] 0.62 and 0.0148 mmol H,0 


———— eee 


time (min) N N N N 


3. i 0.342 0.025 0.041 0.592 
8.6 0.259 0.085 Oo. 128 0.538 
14.7 0.252 0.116 0.181 0.451 
20.9 0.202 ow tae OV212 0.439 
26.7 0.191 0.153 0.240 0.415 
34.3 0.162 0.178 0.265 0.395 
42.6 0.157 0.192 0.293 0.358 
54.0 0.131 0.204 0.322 0.343 
62.6 0.126 0.223 0.342 0.309 
78.0 04202 0.232 0.362 0.303 
5.9 hr 0.085 0.246 0.389 0.280 
6.0 hr 0.086 0.249 0.389 On2a77 
tPBr, = 20.5 min, t,PBr,Cl = 20.0 min, tyPBrCl, = 20.8 min, 
eS = 20.6 min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


© Determined from the weight of the cobalt complex. 
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TABLE AXXVIITI 
: : a ise ee 
Kinetic Data’ at 35°C for Sample 28° with 


iN = 0.39, i = 0. S 
a oN IN e] 0.61 and 0.02154mmo! HO 


time (min) N N N N 


2.8 O.326 O205h 02082 0.541 
o.9 0.243 0.126 Ov EG 0.465 
L527 0.205 0.168 Oe2i57 OFarr 
DAP On Lae 0.188 0.254 0.386 
30.0 0.161 O203 0.288 0.348 
36.9 0.145 0.224 02313 Omen 
42.6 0.134 O225 O's329 Oecd 
54.1 On.L23 0.241 0.342 0.294 
62.7 0.104 0.245 O4363 0.288 
16.4 hr 0.094 0.265 0.364 Ona? 
16 une 0.096 O..263 0.368 O273 
ry EES = 16.7 min, By SECs = 16,0 min, ee AT = 14.5 min, 
met = 14.7 min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


© Determined from the weight of the cobalt complex. 
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TABLE AXXIX 
; a 2 b 
Kinetic Data at 35°C for Sample 29° with 


Faas ) — c 
“par, O7So “Tem 0.61 and 0.00796 mmol H,0 


ee 


Poa “PBY, “BrCl “PBrCl, Bic. 
eae B rere mee ore hee tre epee “prevent ire~ no" yen veer —ennterns treme nero temieniiinata 
Dips 0.317 0.046 0.054 0.583 
9.8 0.225 0.139 0.135 0.501 
Woes 0.209 0.145 OF227 0.425 
ried 0.149 0.164 0.253 0.434 
39.0 0.135 Or2K9 0.326 0.320 
47.0 0.104 62281 0.348 0.316 
51.6 0.108 0.237 0.350 0.306 
59.1 0.094 0.215 0.380 0.311 
70.4 0.097 0.238 0.367 0.298 
78.8 0.089 0.254 0.378 0.282 
349.1 0.088 0.257 0.385 Gcr0 
357.5 0.087 0.258 0.382 0.274 
335 days 0.090 0.250 0.386 0.275 
335 days 0.082 0.253 0.384 0.282 
335 days 0.086 0.259 0.390 0.265 
335 days 0.085 0.260 O.3e2 0.274 
s tyPBr, = 14.0 min, t,PBr Cl = 15.0 min, t,PBrCl, = 14.5 min, 


t, PCl, = 15.0 min. Data obeys first-order Kinetics. 
3 
Sample was prepared on a grease-free system. 


Determined from the weight of the cobalt complex. 
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TABLE AXXX 
, ’ a ‘onaeee 
Kinetic Data” at 85°C for Sample 30° with 


in =40.87.. 4 = 0. y p 
: IN 5c] 0.63 and 0.0147 mmol HO 


time (min N 
( ) PBr Nopr CL. Npprcl Nocl 


2.8 O27 0 096 O ek 02525 

JL 4 0.144 0.174 O4232 0.443 
URE s: Oss C2180 0.300 0.873 

25 <a O:31905 OZ 02338 0.344 

Ba £0 O2b01 O.S2i37 Os852 O20 
41.1 0.083 03235 03367 Oaik> 
334 days C2072 0.240 02396 0.291 
334 days Qs072 0.240 Oso 0.296 
334 days OL07S 0.249 0.394 0.279 
334 days 07071 0.242 02397 0.290 

3 Aone = 10.5 min, ae = if .O.min, BS bs = tis, Dolgtin, 
ect. = 12.0 min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


© Determined from the weight of the cobalt complex. 
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TABLE AXXXI 
; a oe 
Kanetie Data, ate 35°Chfoxu- Samplen317 wath 


: ' re 
N = . = . ° 
a: | OPS or INC] 0.64 and 0.0213 mmol H,0 


time (min) N N N N 


205 OB2E2 0.048 0.060 0.610 

eywak Oelg9 Os LLO 0.148 0.544 
1447 0205 Ogl3s 0.208 0.456 
2263 0.146 Ogle 0S258 0.425 
28516 05138 Osles 059302 02376 
Sag. 0.108 0.200 OgsS8 0.360 
42359 0.108 OR219 0.354 0320 
500 0.094 On215 0.363 0329 
56.8 0.090 0.214 OmScs Ons Td 
G29 0.081 OF232 0.381 0.306 
234 days Os072 0m236 Og SS 0f295 
234 days 0.074 02236 O96 Om292 
234 days 0.076 0.234 0.403 0.287 
234 days 0,075 0.236 0.401 0.289 


eT 


a Z : = Pia eT 
SEAS = 14.5 min, SUE SIS La. 0 mn; SS min, 
t, Pcl, = 14.0 min. Data obeys first-order kinetics. 

Ga 


Sample was prepared on a grease-free system. 


© Determined from the weight of the cobalt complex. 
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TABLE AXXXITI 


; : a 
kKametic Data jat 35°C for Sample 32 with 


Cr 


in = 0.38, in, = 01 G2) anct 0. 02498 mmol HO” 
TPR 


area A Re Ae Ee ee _-. 20 aah sol as a ee a 


time (min) . N N N N 


243 0.340 O01 0.009 0.640 
9.1 0.325 0.034 0.028 0.613 
15.6 O84 | 0.047 0.049 0.588 
22.5 0.279 0.071 0.084 0.566 
38.8 0.266 0.089 0,127 0.519 
47.8 0.244 O01 0.135 0.520 
60.1 0.237 0,22 0.153 0.489 
7229 0.202 O.148 0,178 0.477 
96.9 0.188 0.159 0.210 0.443 
195.7 02249 0.202 0.291 0.360 
20340 0.130 0.200 0.300 0.370 
16.6 hr 0.092 0.238 0.878 0.297 
16.7 hr 0.090 0.245 0.366 0.299 
2 t, PBr, = 01, eo = 67 min, ys Breas = 79.1, 
*PCl. = 78 min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


S Determined from the weight of the cobalt complex, and allowed 


to react for 2 hr with PCl, prior to addition of PBr.. 
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TABLE AXXXIII 
: : a D: aed 
Kinetic Data’ at 35°C for Sample 33° with 


in = 0.37, iN = 0163 and Of0145 fmol f.o- 
Pou 2 


ae i a a aaa se a errs eens nee eee ee 


pate cen) NDBe NpBr Cl Noprcl *pelg 
Teeter re emdny tenn rp ise Pe an rer pt oer terete ietenpaitliastta 
382 0.333 opaciy, 0.009 0.641 
9.9 0.318 0.031 0.037 0.614 
15.7 0.306 0.038 0.065 0.590 
Dew 0.296 0.044 0.074 0.586 
38.7 0.290 0.055 0.100 0.555 
2787 0.274 0.065 0.104 0.557 
59.8 0.264 0.076 0.122 0.539 
73.0 0.251 0.088 0.136 0.525 
107.0 0.226 Ottis Osa? 0.484 
122.8 0.210 0.115 0.191 0.484 
138.8 0.208 Gite 0.195 0.470 
170.9 OL177 0.139 0.246 0.437 
187.5 0.182 0.158 0.252 0.408 
14.9 hr 0.086 0.245 0.375 0.295 
15.0 hr 0.081 o2223 0.379 0.312 
2 t,PBr, = 128 min, t,PBr,Cl = 132 min, t,PBrCl, = 122 min, 
Leo = 128 min. Data obeys first-order kinetics. 


Sample was prepared on a grease~free system. 


: Determined from the weight of the cobalt complex, and allowed 


to react for 2 hr with PC1, prior to addition of PBr,. 
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TABLE AXXXIV 


Kinetic Data® at 35°C for Sample 34> with 


in = 0.39, in = 0.61 and 0.0147 muci # 0° 
3 PCL 2 


time(min) — N N N 


3.5 0.324 0-053 @,070 0.553 
ees 0.238 0.106 0,157 0.499 
see) 0.214 0.134 0.2352 0.420 
23.8 0.182 0.172 0.27.0 0D. 207 
29.5 05170 ©4170 0.295 0.365 
ce ES: 0.144 0.200 0. Sle: 0.344 
5° .9 0.114 0.2355 0,358 0.294 
66.6 QO. 12) 0.238 0.358 0.294 
82.2 O.3413 0.235 0,365 0.286 
98.4 0), £07, 0.239 0.373 0.282 
344.3 0.096 0.248 0.379 0.276 
B65c2 0.091 0.254 O.377 0.278 
DAT Si g's 02099 0.264 ORS 0.260 
BAO iG 0.096 OsZ2o5 Ovens Ox 272 
s t,PBr, = 16.0 min, t,PBr,Cl = 17.5 min, tPBrCl, = 14.7 min, 
ee = 16.0 min. Data obeys first-order kinetics. 


2 Sample was prepared on a grease-free system. 


% Determined from the weight of the cobalt complex, and allowed 


to seact for 2) hr=with PBY. prior to addition of PCl.. 
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TABLE AXXXV 
; ‘ a b 
Kinetic: Data at 35°C for Sample 35° with 


iN = 0, = oy. é S 
i 38, iN,,, = 0.62 and 0.0144 mmol H,0 


SR a a a A OR eae ae Le re et se ee MR a ae 


time (min) N N N 


_ EME Loi... = Ah iL 2 ooo AD la ON 


2.8 0.310 0.039 0.052 0.599 
8.9 0.258 0.091 Oli 0.538 
DS o7 02247 Onki2 0.170 Or475 
24.6 0.200 0.149 0.204 0.447 
8B6 0.183 Ont. 9% 0.231 0.429 
40.2 0.158 G.172 0.256 0.413 
48.7 Onion. 0.184 04298 Ona77 
66.7 0.134 0.206 0.302 03358 
91.0 0.119 Ona 0.340 0.329 
See hi 0.086 0.249 0.380 0.285 
2563 hr 0.085 02257 0.386 0.278 
i tyPBr, = 29.0 min, t,PBr Cl = 29.5 min, tyPBrCl, = 30.5 min, 
oUl he = 31.0 min. Data obeys first-order kinetics. 


Sample was prepared on a grease-free system. 


ig Determined from the weight of the cobalt complex, and allowed 


to react for 2 hr with PBY, prior to; addition oF PCl.. 


if 
a ve 
Oe: 
- = 
3 
& 
a a mm -— 
en 
en an 


ae ROY 0 
Bets §3L.0 
Teeo OFL,0 


\ae.G POR .O 


CS < bE&.0 
Ete.o Beno 


TULyo Sre.0 
626.0 S082 
Exe, 0 OREO 
eS 20 a6. 0 
8th. 0 IGE 0 


— ete we a ae 


obit 2,08 + gO A ie te ae aim 0,06 ® 
**h fa 
-eokaeiatat ay as beaten a oth 


ny 
* = 
> ms 


bewoile bas ,#eDuanoan 


252 


APPENDIX B 


Appendix B consists of Tables BI to BVI which contain the 
equilibrium mole fractions and equilibrium constants for the PC1.- 
PBY , System ati3o:C, 34°C, 40 5£C,., 50°C, “G0rC, and 70°C#respectively. 


The equilibrium constants are of the form 


K =e ) 


PERE: )/(N,, ) (N 
PBY ot PBrCl, PELs PCl., 


Each entry in a table corresponds to a different sample. The 
equilibrium constants are calculated from mole fractions, which 
are given as the average of two or more scans. The range for each 
equilibrium constant, which is obtained from the calculation of the 
individual scans, is placed in brackets next to the equilibrium 


constant calculated from the average mole fractions. 
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Sis at 


mtn adi Chae, pitt of sue ‘asgel gh ni beontg ak (auece! 
Bi a 


ene batt) eho septa edt most, tetas 2 


Equilibrium Mole Fractions and Equilibrium Constants at 35°C 


N 
PB 
rl 


Of 270 
0.288 
OFZo1 
O22 71> 
0.277 
Os 213 
0.254 
0.268 
0.260 
0.263 
0.248 
0.265 
On235 
02227 
0.245 
OwZo2 
0.247 
0.264 
0.241 
0.236 
On256 
0.250 
O.206 
0.236 
0.243 


0.384 
0.381. 
0.389 
OF 35 
O.387 
02376 
OS3o5 
O.. 3,40 
0.380 
0.387 
0.380 
Oese2 
O8395 
OF39E 
0.374 
0.376 
0.389 
0.366 
0.370 
0.377 
0.347 
O7302 
0.385 
0.399 
0.395 


N 
PBrCcl 
EID 


TABLE BI 


PCE 


0.254 
0.226 
0.274 
0.254 
0.240 
0.247 
0.274 
0.254 
OF 265 
OS 256 
On 292 
Oe27 se 
0.294 
0.314 
0.291 
02287 
0.278 
O.215 
0.298 
0.303 
Ov27 1 
0.281 
O.273 
O. 291 
0.289 


4.55 


4.44* 


a.62% 


al 


4.23% 


A654 


4.007 


4.107 


er 


3.995 


4.29° 


Agoae 
4 


Aas 


Aster 


au5G° 


3.88" 


4.027 


704 
3629 
3.50 
Cael 
3.96 
4.20 
4.37 


2 
2 
4 
2 
6 
4 
A564 


(4.25 
(AtSe 
(4.00 
(4.06 
(4.65 
(3.89 
(3.91 
(yan 
(3.79 
(4.19 
(3.82 
(4.39 
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=S- 
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> 


> 


> 


> 


= 


> 


(4.01 > 


(4.04 
(3345 
(3.68 
(4.02 
(3.69 
(3225 
(3.40 
(3255 
(3.86 
(3.90 
(4.33 
(4.40 


4.62) 
4.78) 
4.29) 
4.31) 
4.68) 
4.08) 
4.27) 
Bee tae) 
4.07) 
4.42) 
4.24) 
4.78) 
4.33) 
Ae 3A) 
32.54) 
4.22) 
4.07) 
33/0) 
Bie 3a) 
3. 2) 
3507) 
4.10) 
4.43) 
4.37) 
4.65) 


The superscript refers to the number of scans used to obtain 


the average mole fractions and equilibrium constant. 
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TABLE BII 


Equilibrium Mole Fractions and Equilibrium Constants at 37°C 


“PBr, “PBr Cl “BrCl, “PCL, : 

0.174 0.305 0.361 0.160 sues (3.8 = 4.06) 
0.064 C2216 UL see Oeose tose (3.07 = 4,13) 
O22 96 0.384 0.245 OLO7TS 4.247 (4.04 > 4.48) 
On215 On o23 Os236 0.094 ee (3.24 > 4.06) 
On2co 0.364 DeeFAas, Bip. G22)5) 3.42° (3. 08" 73.70) 
0.098 Dye 4p 0.384 O2ZeL veo (3.0L 2 ano S) 
0.099 ON276 0.369 Onzou Av60e (ASG 37265) 
0.093 ONO OR 376 O.220 4.347 (4.32 + 4,40) 
0.106 02296 0,376 2220 4.80" (4.72 + 4.88) 


* whe superscript refers to the number of scans used to obtain 


the average mole fractions and equilibrium constant. 
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TABLE BIIT 


Zoo 


Equilibrium Mole Fractions and Equilibrium Constants at 40.5°C 


“PB, PBr.Cl PBrCl., “PCL, - 

ety 2 OZSL6 0.346 0.166 B88” (3203 = 4.39) 
0.064 Ones OnSos OLS25 Heac (4.10 > 4,54) 
0. 519 OLS7e OL263 0.070 5.08" (3.49 > 2.55) 
0.284 Oss 95 0.234 0.087 3 70° (3.21 > 4.88) 
eo 0.370 0276 03095 4 te (S01 => ane) 
0.080 Oe2G2 0.400 0.258 Sele (S02. oo 20) 
0.082 0.265 O39. 021262 4.82° (4 690 5.04) 
0.083 0.260 02599 0.256 4.847 (407954. 96) 
O26 0.365 0.302 OLE ee (4.09 > 4.67) 
0.203 0.274 02590 G.233 4 45° (439° 4.57) 
Ona? 0.310 05509 0.204 Mair (2. 519%7 5.30) 


“ The superscript refers to the number of scans used to obtain 


the average mole fractions and equilibrium constant. 
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TABLE BIV 


Equilibrium Mole Fractions and Equilibrium Constants at 50°C 


PpBr Cl PBrcl , “Bel, K 
0.364 OeZ2eL 0.094 rb (3.80 
OLZ253 0.405 0.268 Saige (5.02 
0.260 0.390 0.266 4.547 (4.45 
0.369 0342 0.114 /Aeiete (4.27 
0.310 02370 OnLy ac7a- (4.58 
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> 


4.52) 
D530) 
4.65) 
SE Jie) 
4.86) 


# The superscript refers to the number of scans used to obtain 


the average mole fractions and equilibrium constant. 
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TABLE BV 


Equilibrium Mole Fractions and Equilibrium Constants at 60°C 


“PBE, “PBr Cl “PBYCL, “PL, x 

OeL05 On2or 0.349 Ono aueee (RERSHY ecg ere |)) 
On 208 Ons 0.280 0.091 4.42° (42.03 2 74.98) 
0.079 OAS: O..3 96 OnZe/ 4.847 (C16. 4.94) 
05,0757 0.209 On398 0.266 Buse (2 Oke ID oZ 3) 
0.205 0.380 O5305 O02 1.L0 Doe oC oee wae hk) 


= The superscript refers to the number of scans used to obtain 


the average mole fractions and equilibrium constant. 
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TABLE BVI 


Equilibrium Mole Fractions and Equilibrium Constants at 70°C 


NPBE "PBr Cl "PBrCL, npels KS 

O2136 Ow302 ef O355 0.208 a 78 (3.687 83 7.84) 
@5:097 0.280 OFS7 2 eZ ou 4.28° (4.28 + 4.30) 
0.250 0.380 0.280 0.090 age (4,0Ge? 5 254) 
0.076 0.274 0.384 0.266 5.207 (nO ee) 
0.078 0.267 0.399 0.256 pene (5.2152. (5.47) 
Os2EL 0.384 Oi. 302 OL 1L03 Bee (S227 eee) 


. The superscript refers to the number of scans used to obtain 


the average mole fractions and equilibrium constant. 
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APPENDIX C 


Appendix C consists of Tables CI to CVI which contain the 
concentration-time data for samples 1 to 6 respectively, for the 
kinetics of the CF,PC1.-CF.,PBr, system. All concentrations are in 
mole fractions. For all the samples the initial mole fractions of 
the reactants were calculated from the mole fractions of all the 
species at equilibrium, as has been explained in the text. The 


half-lives of the reactions were estimated from the concentration 


versus time plots. 
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TABLE Cr 
: : a ; 
Kinetic Data at’ 40°C for Sample » wrth 


iN = 0.49, iN = Ono 
F 2p 
Le. 3 o—7 CFPC1., 


ee ee ee es reine eae 


time (min) N N N 
F 
(Sc Pees CF PBrcl CPPCl, 


— 


5.6 0.481 0.048 0.471 
126 0.462 0.082 0.456 
15.6 0.452 0.095 0.452 
FONG 0.443 Onitry 0.441 
2B NG 0.433 0.135 Guase 
30.6 0.423 0.150 0.427 
36.6 0.415 0.168 0.417 
42.7 0.408 0.184 0.408 
50.9 0.394 0.202 0.404 
60.9 0.387 0.224 0.389 
75.9 0.374 0.246 0.380 
90.9 0.362 Onaee 0.372 

106.9 0.353 0.283 0.364 
120.9 0.342 0.300 0.357 
145.9 0.335 0.316 0.348 
168.9 OLaey 0.335 0.344 
181.9 0.320 0.343 Om KY) 
301.9 0.288 0.397 0.315 

24.0 hr 0.257 0.459 0.284 

48.0 hr 0.255 0.464 0.281 

a fo nn ere rt tli ech eile at 
B ty CP,PBr, = 64 min, t,CF,PBrCl = 67 min, t,CF,PCl, = 63 min. 


Data does not obey either first-order or second-order kinetics. 
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TABLE, CI 
: a 
Kinetie Data at 42°C for Sample 2 with 


iN = 0.46, iN = 0.54 
Cr.PBr., CFPCl., 


time (min) N N N 
Cheam Bis F_P 
3 2 c 3 BrCl CF,PCl., 


rr ener 


5.9 0.484 0.000 0.516 

9.9 0.489 0.002 0.509 

15.9 0.484 0.005 0.511 
2229 0.457 0.007 0.536 
30.9 0.454 0.008 0.539 
45.9 0.450 0.010 0.540 
60.9 0.444 0.015 0.540 
145.9 0.446 0.031 0.525 
278.0 0.442 0.055 0.504 
336.0 0.440 0.065 0.495 
416.0 0.442 0.077 0.481 
B70 0.445 0.086 0.469 
17.9 hr 0.324 0.288 0.388 
23.8 hr 0.274 0.377 0.349 
28.3 hr 0.267 0.391 0.341 
3222 "Ar 0.264 0.402 0.333 
49.9 hr : 0.243 0.436 09321 
49.9 hr 0.240 0.433 0.327 
10.1 days oes 0.461 0.308 
10.1 days Os281 0.460 0.309 


SSS 


Data does not obey first-order kinetics. 
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TABLE. CIITI 
: a 
Kinetic Data at 42°C for Sample 3 with 


iN = 0.47, iN = 0.53 
CEePE 
3 ry CPPC1. 


SS ee ee ra ee ee ee ee 


time (min) N N N 
CEE PB EF 
3 = G) 3PBrel CFPCL., 


a 


5.9 0.473 0.010 0.517 
9.9 0.467 0.020 0.514 
14.9 0.456 0.030 0.514 
20.9 0.451 0.045 0.504 
As 0.443 0.055 0.503 
35.9 0.435 0.082 0.484 
45.9 0.420 0.104 0.476 
60.9 0.401 0.150 0.449 
198.9 0.304 0.343 0.353 
255.9 0.287 Chevis 0.338 
2655 0.275 0.399 0.326 
390.9 02273 0.409 0.318 
16.7 hr 0.247 0.448 0.305 
23.5 hr 0.247 0.448 0.304 
27.9 hr 0.247 0.457 0.297 
27.9 hr 0.247 0.455 0.298 
30.8 hr | On251 0.453 0.296 
48.7 hr 0.246 0.452 0.302 
48.7 hr 0.248 0.447 0.305 
10.2 days 0.248 0.451 02302 
10.2 days 0.245 0.457 0.298 
a t,CF,PBr, = 105 min, t,CF,PBrCl = 103 min, t,CF,PCL, = 104 min. 


Data obeys both first-order and second-order kinetics. 
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TABLE CIV 
: : a 
Kinetie Data at-42"°C-for-sianple-4.with 


iN = 0.48, iN = 0552 
F_PBr 
C 3 B 5 CFPC1, 


a a ee ee ee ee 


pe) “CF 4PBr,, "CF PBrCl “CP,PCL, 
Oe 0.489 0.000 Om oan 
On 2 0.487 0.000 OO. O13 
0.4 0.487 0.000 Onis 
O55 0.484 0.000 OZOLS 
ie. 6 0.478 O.OLs 0.509 
4.5 0.467 07027 0.506 
dL. 3 0.450 0.059 0.491 
Li. 3 0.449 0.059 0.493 
Li. 9 0.429 0.097 0.474 
L7,. 9 0.433 0.096 0.471 
256% 0.400 0.144 0.457 
25.0 0.405 0.143 0.451 
26.0 0.385 0.189 0.426 
36.0 Oyss5 0.189 0.427 
43.2 Ossie. Oa2is 0.416 
43.2 0.369 02220 0.420 
49.8 OF 359 0.238 0.404 
49.8 02355 0.240 0.406 
59.9 0.343 0.262 05395 
59,8 0.342 0.264 0.394 
ai fase: OF533 0.282 0.386 
67.5 0.330 0.285 O..305 
74.8 0.330 Oi. 292. 0.379 
74.8 0.330 05291 0.379 
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TABLE CIV (Cont'd) 


Se Re AO See faniole Swi 


ae “CF ,PBr,, “cP PBrCL pcm eel) 
ony 2) EE Ca 2 Set oe eet ee, 
83.7 0.320 0.310 0.370 
83.7 0.319 0.308 0.373 
91.4 ape 0.320 0.367 
91.4 0.313 0.321 0.366. 
98.1 Oe std 0.324 0.364 
98.1 0.309 0.326 0.364 
TO7E8 0.305 0.332 0.363 
107.8 0.306 0. 363 0.360 
115.4 0.302 0.350 0.348 
15.4 0.300 0.348 0.352 
12257 0.301 0.350 0.350 
Te 2e7, 0.302 0.348 0.350 
140.1 0.294 0.367 0.340 
140.1 0.296 0.366 0.339 
156.4 0.288 0.378 0.334 
156.4 0.289 0.376 0.335 
356.5 0.263 0.429 0.308 
356.5 0.259 0.428 Grate 
21.7 days 0.264 0.431 0.305 
21.7 days 0.266 0.429 0.305 
21.7 days | 0.266 0.426 0.308 
31.0 days 0.262 0.425 0,312 
31.0 days Or 262 0.422 On316 
31.0 days 0.261 0.428 0.311 


a aS = = 
SN ema) = 40 hr, cae 43 hr, iS CVA Ome lebar 


Data does not obey first-order kinetics. 
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TABLE CV 
: a 
Kinetic Data’ at 42°C for Sample 5 with 


iN = 0.48, iN = O52 
CFPBr. CFPCl., 


SC 


peo “CP PBr, “oF ,PBrCl “or ,PCl, 
O.1 0.496 0.000 0.504 
O22 0.494 0.000 0.506 
One 0.477 0.000 0.523 
0.5 0.475 0.000 0.525 
1.8 0.477 0.008 0.515 
2.0 0.474 0.013 0.514 
3.9 0.475 0.020 0.505 
TIS 0.450 0.063 0.488 
T129 0.451 0.062 0.487 
18.5 0.428 0.094 0.478 
18.5 0.433 0.095 0.472 
25.4 0.408 0.135 0.456 
25.4 0.412 0.135 0.454 
35.1 0.393 0.168 0.440 
257! 0.395 0.168 0.437 
AZT 0.381 0.193 0.426 
a2ce 0.383 0.193 0.424 
49.5 0.378 0.203 0.418 
49.5 0.376 0.204 0.420 
59.5 0.369 0.223 0.408 
59.3 0.367 Gf203 0.410 
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TABLE CV (Cont *d) 


Se a a a ee a 


time (hr N 
\ ) CF PBr., "CFPBrCl Nop PCL, 


66.9 0.358 0.240 0.402 
66.9 0.356 0.24). 0.403 
7AU3 0.357 0.252 0.391 
7428 0.355 0.254 0.392. 
C320 0.348 0.258 0.394 
S380 0.342 0.263 0.395 
90.0 02337 0.279 0.385 
90.0 0.339 0.274 0.387 
97.8 0.330 0.284 0.380 
97.8 0.337 0.282 0.381 

107.3 0.327 0.294 0.379 
O73 0.325 0.299 0.378 
115.0 05327 0.302 0.371 
115.0 0.324 0.300 0.376 
1223 0.321 0.313 0.366 
2273 0.322 0.312 0.365 
139.6 0.318 0.324 0.357 
139.6 0.315 0.326 0.359 
156.1 0.304 0.342 0.354 
156.1 0.309 0.342 0.349 
156.1 Ouaie 0.340 0.349 

14.8 days 0.263 0.422 0.315 

14.8 days 02272 0.415 O.3513 

14.8 days 0.269 0.422 0.309 
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nS 


ae) NGF. PBr NCP. PBrCl CF_PCl 
Ce 3 
21.7 days C1271 0.422 0.307 
21.7 days 0.268 0.418 ole ge 
21.7 days 0.269 0.419 pene: 
31.0 days D2 261 0.434 0.305 
31.0 days 0.262 0.428 Nr ave 
31.0 days 0.259 0.428 0.314 
i {CF ,PBY, = 44 hr, %CF,PBrCl = 51 hr, t,CF,PCl, = 50 hr. 


Data does not obey first-order kinetics. 
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TABLE CVI 


: ; a 
Kinetic Data ~at, 42°Cutor ‘Sample 16 with 


“Nop Ppr, = 0.49, Pesgen: =O, oi 

erecuntn) “CF PB, “CP ,PBrCl "CF PCL, 
SO 0.284 0.462 0.255 

12.0 0.281 0.466 OF252 

Lo a0 Or 277 0.462 0.261 
20.7 days 04267 0.454 Gee 79 
20.7 days 0.266 0.456 O.2/78 
20.7 days 0.268 0.455 O27 7. 
30.0 days 0.263 0.459 0.278 
30.0 days 0.262 0.456 07252 


30.0 days 0.269 0.448 O.'283 


t for al) species is .a few minutes. 
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APPENDIX D 


Appendix D consists of Tables DI and DII which contain the 
equilibrium mole fractions and equilibrium constants for the 


CFPCL-CF..PBr., system from 25°C to 60°C. The equilibrium constants 


are of the form 


27 (N )(N 
CF PCIBr err eh CrPCcl., 


K = (N ) 


All the equilibrium constants in Table DI pertain to one sample, 
whereas every entry in Table DII corresponds to a different sample. 
The equilibrium constants are calculated from mole fractions which 
are given as the average of two or more scans. The range for each 
equilibrium constant, which is obtained from the calculation of the 
individual scans, is placed in brackets next to the equilibrium 


constant calculated from the average mole fractions. 
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TABLE DI 


Equilibrium Mole Fractions and Equilibrium Constants 


Cr .PBr “OF, PBrCl "CF PCL, s EES 
0.2382 0.448 0.320 2.710 (22583702. /29) 26.0 
0.232 0.451 OeSh7 2d) (23/687 12.90) 30.0 
0.228 0.455 On Sa7 2284 (229397 02.00) 40.0 
6.223 0.469 0.308 3420), (321774329) 40.0 
Us2a7 0.459 Oso le 2 IOU( 2.39 sa75 70S) 40.0 
On22 7 0.453 OF220 2 Oo (2 Oumr. 92) 40.0 
Onaou 0.456 OSES) 2080! (22.80 220) 50.0 
One) 0.450 05325 Zod | Wl 2a Oa coo) 50.0 
0. 227 0.453 0.320 2005 92a) eee 20S) SOG0 
0.230 0.461 0.309 2098 We oer CO) 60.0 
0.228 0.457 0.315 2. 91e (200s 306) 60.0 
02232 0.447 0-52 2.00, W2ee Sie 2 ho) 60.0 
0.256 0.462 0.282 2.96 (2.0925 .00) 40.0 


at Various Temperatures 


* Different sample from the rest of the table. 
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TABLE DII 


27h 


Equilibrium Mole Fractions and Equilibrium Constants at 42°C 
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APPENDIX E 
Appendix E consists of Tables EI to EVI which contain the data 


for the variation of 1/T., with temperature for 31, in PBY 41 PBr Cl, 


PBrCl and PCL. ./ The data for*Tables. EI to ELV -were.collected/for a 


zh 3 

sample in which all the species were present at their equilibrium 
concentrations. A sample containing just PBY., and PCl, was used to 
obtain the data in Tables EV and EVI. The experimental values of 
1/T, are compared to the values obtained from a least-squares fit 


of the data. The equations to which the data were fitted are given 


in footnotes to the tables. 
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TABLE EI 
are : Si aap a 
Variation, Of 1/T, with Temperature for P in PBr 


SSS ee a a a a a ee ee 


° S Sets b < 
ato) oe Ns Oe See ese (1/7 5 esraa (LAT) sree 


80.0 2.83 19.00 18.53 17.78 
69.2 2.92 18.05 T7703 16.48 
59.8 3.00 16.20 15.82 15.43 
50.3 3.09 14.90 14.60 14.35 
39.5 3620 13.20 13.29 13217 
30.7 BRD 11.60 10934 1231 
19.0 3.42 10.80 1igi4 11526 
ge 3.52 Tons 10.34 10.45 

0.0 3.66 9.07 9.38 9.53 

- 9.6 3.80 7.97 8.57 8.74 

- 20.1 3.95 Fe20 7.84 8.02 

- 31.0 ee) Teed 7ois Teo 

- 35.4 Aeok. 770 6.86 7e02 

- 40.2 4530 6.40 6.59 6.74 

- 45.3 4.39 Tass 6.35 6.48 

- 50.8 4.50 5.97 6.09 6.20 

- 56.0 4.60 6.60 5.88 5.97 

- 59.4 4.67 5.93 5.75 5.83 

- 65.8 4.83 5.93 5.49 5.53 

~ 69.8 4.92 5.27 5.36 5.39 

- 74.8 5.05 5.23 5.20 5.20 

- 80.4 5.19 4.97 5.06 5.03 

- 85.0 5.32 AG e, 4.95 4.90 

- 90.4 5.48 4.67 4.83 4.75 

- 94.9 5.61 5.10 4.75 4.65 
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TABLE EI (Cont'd) 
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See em ) oped ceed (oD eesied 
- 98.8 5.74 Aree 4.68 4.56 
-106.0 5.99 4.710 AMS 4.43 


For a sample containing a mixture of PBY 4, PBrCl, PBrCl, and 


PC1,i values of 1/T, in ofc 


a From a least-squares fit of the data to the equation 


Lt = 1/T, + Aexp(-E,/RT) . 
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° From a least-squares fit of the data to the equation 
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TABLE EII 


Variation of 1/T, with Temperature for at in paz el 


a I a rr 


3 -1 : 
ToC a 
(°C) BINA, Got Oats lepaa a ol ealled 


80.0 2.83 52.5 51.78 
69.2 2.92 46.90 47.23 
59.8 3.00 42.60 43.55 
50.3 3.09 40.05 39.80 
39.5 3520 35.55 35.69 
30.7 3.29 ee YOS 32.69 
19.0 3.42 29.10 28.85 
11.0 3.52 26.37 26.26 

0.0 3.66 22.43 23.09 

- 9.6 3.80 20.50 20.38 

- 20.1 3.95 17.67 17 £91 

- 31.0 Aa 15.90 15.44 

- 35.4 Aeol 15.03 14.50 

- 40.2 4.30 13.63 13.53 

- 45.3 4,39 reg 7 12.66 

- 50.8 4.50 1133 Lie7 1 

- 56.0 4.60 11.03 10.94 

- 59.4 4.67 10.33 10.45 

- 65.8 4.83 9.70 9.46 

- 69.8 4.92 8.67 8.98 

- 74.8 5.05 8.60 8.36 

- 8.04 5.19 Use: 7.79 

- 85.0 5.32 7.00 7.34 

- 90.4 5.48 6.67 6.87 

- 94.9 5.61 6.73 6.54 
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TABLE ‘ely \( Contd) 


3 -1 b 
TOC LOCF Dok 
eC) /T( ) ees i uence 
- 98.8 Begs 6.07 6.25 
-106.0 5.99 Geag 5.81 


For a sample containing a mixture of PBL, PBrCl, PBrCl1, and 


1 
PC1i values of 1/T, in sec 


From a least-squares fit of the data to the equation 


1/T, = caem + Aexp (~E,/RT) . 
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TABLE EIT 


Variation of 1/T, with Temperature for ot ae) BEC Cl 


a a ee ee ee ee) AE eee eee ee eee 


(°C) 10°/T(°K +) (1/7) (1/T,) 2 rie 


Cc 
2° obsd 2 Caked DaCaved 


80.0 2.83 98.70 100.79 102.61 
69.2 2.92 90.20 92.00 93.35 
59.8 3.00 80.80 84.85 85.86 
50.3 3.09 80.10 I iexi 78.19 
39.5 3720 70.50 69.42 69.79 
30.7 3.29 63.70 63.47 63.63 
19.0 3.42 57.30 55.82 55.75 
1170 3.52 51.30 50.60 50.40 

0.0 3.66 44.55 44.17 43.85 

- 9.6 3.80 38.10 38.61 36723 

7200 | 3.95 34.00 33651 33.09 

- 31.0 ALT: 29.50 28.36 27.96 

- 35.4 4.21 26.55 26.37 25.98 

- 40.2 4.30 25.55 24.31 23.95 

- 45.3 4.39 22.90 22.45 22ui2 

- 50.8 4.50 19.90 20.40 20811: 

- 56.0 4.60 18.55 Tae 73 18.48 

- 59.4 4.67 16.90 17.66 dgeaa 

- 65.8 4.83 15.50 15.50 15.35 

- 69.8 4,92 13.70 14.43 14.33 

- 74.8 5.05 13.60 13.06 13502 

- 80.4 5.19 11.80 11.78 11.80 

- 85.0 5.32 10.30 10.75 10.83 

- 90.4 5.48 9.80 9.66 9.81 

- 94.9 5.61 9.25 8.90 9.10 
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TABLE VEIED (Cont ‘d) 


(°C) 10°/7 (°K +) (1/T,) s 


2 obsd ied (1/75) Calica 
Bos! Ss PSG) 7260 8.24 8.49 
-106.0 5.99 7.80 Yale Ho '583 


a ae : 
For a sample containing a mixture of PBY 41 PBr Cl, PBrCl., and 


PCl.; values of 1/T, in ae 


From a least-squares fit of the data to the equation 
Ave 1/T, + Aexp (~E, /RT) ; 


O 
From a least-squares fit of the data to the equation 


Bers = 4.05) + Aexp (~E,/RT) . 
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Variation of 1/T., with Temperature for Z 
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mc) 10°/7 (°K " (1/7) opsa VG een HIVALina eee te 
80.0 oees 148.80 159.49 167.39 
69.2 292 147.80 146.65 52.6 
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50.3 3.09 119.70 NOS 7. Toe 7 
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TABLE EIV (Cont'd) 
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e From a least-squares fit of the data to the equation 


Pre =r LT + Aexp(~E,/RT) 
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TABLE EV 


Variation of 1/7 with Temperature for 21 in Sa 


2 


NSO 


T (°C) 10°/T (°K +) (1/7) 2 : 


79.6 2.84 16.70 175% 16.32 
69.2 2.92 17.00 16.18 eal 
59.8 3.00 15.05 14.99 14.38 
50.3 3.09 14.15 13.80 13.43 
39.5 S56 12.60 1253 12239 
3057 3.29 11.50 11.63 11.63 
19.0 3.42 10573 10.51 10.65 
Ta. 0 5.52 9.50 9.77 9.99 
0.0 3.66 8.80 8.90 9.18 

- 9.6 3.80 8.00 8.17 8.48 
- 20.1 3.95 pee 7.54 7.84 
- 31.0 eke 6.77 6.94 Jeo 
- 36.4 Als 7.00 6.66 6.91 
- 40.2 4.30 6.40 6.49 6.72 
- 44.7 4.38 6.70 6.31 6.51 
- 50.8 4.50 6.03 6.08 6.24 
- 56.4 4.62 6.10 5.88 6.00 
- 59.4 4.67 5.70 5.81 5.91 
= 66.4 4.84 5.20 5.59 5.63 
- 69.8 4.92 5.87 5.51 5.52 
- 85.4 5.33 5.20 5.20 5.08 
- 90.5 5.48 5.00 5.12 4.96 
- 95.0 5.62 5.20 5.06 4.87 
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TABLE EV (Cont'd) 
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For a sample containing only PRY, and PC1 i values of 1/T., In SEC ~~. 
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From a least-squares fit of the data to the equation 


were c= 1 /T + Aexp (~E,/RT) . 
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TABLE EVI 


Variation of 1/T, with Temperature for oe in pc1.* 


SS a a eee ee ree ree ee ee ee ee eee Oe 6) Bs ee ee ee eh eh os 
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TABLE EVI (Cont'd) 
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For a sample containing only PBr, and PC1.i values of 1/T., zig ag 


e From a least-squares fit of the data to the equation 


a7 A/D) Rexpite. /RT) 


Z 
fe) 


° From a least-squares fit of the data to the equation 


UTA = 4.5 + Aexp (~E, /RT) . 
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APPENDIX F 
Appendix F consists of Tables FI to FVI which contain the data 


for the variation of 1/T, with temperature for 31, in PBY,, PBrCl, 


PBrCl., and PCl,- The data for Tables FI to FIV were collected for 


a sample in which all the species were present at their equilibrium 


concentrations. A sample containing just PBr. and PCl, was used to 


obtain the data in Tables FV and FVI. The experimental values of 1/T, 
are compared to the values obtained from a least-squares fit of the 


data. The equations to which the data were fitted are given in foot- 


notes to the tables. 
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TABLE FI 


with Temperature for oon in PBr.* 


Variation of 1/T 
6 1 3 


aS ne ae, i Aa ee en Oe OM ee ee 
1 b Ge 


3 - 
°C 2 
GC) 10° /T(°K ©) Cae oped TA eee O/T) calca 


80.0 Wes 0.259 0.258 0.279 
Fel iow: 0.228 0.242 0.257 
59.8 3.00 G.237 0.226 0.235 
50.3 3.09 0.201 0.211 Oats 
40.3 3.19 0.199 0.195 0.195 
30.4 3.30 0.182 0.180 Ga 
19.9 3.41 0.168 0.166 0.160 
10.2 a3 0.165 0.153 0.145 
0.3 ace 0.147 0.141 O.132 

= 10.6 seer 0.129 0.129 0.120 
a lipay. 3.06 0.137 0.119 0.111 
= 30.4 4.12 Onile nae: 0.106 
= 35.4 4.21 0.985 0.109 0.104 
~ 39.6 4.28 0.107 0.107 0.103 
= 43 4.39 0.977 0.105 0.104 
~ 50.3 4.49 0.101 0.105 0.105 
—~5 054 4.49 0.106 0.105 0.105 
G0 4.61 0.102 0.107 0.109 
- 59.7 4.69 O10 0.109 0.112 
a5 OCS 4.69 0.102 0.109 oui 
- 60.3 4.70 0.114 0.110 G14 
- 65.8 4.83 0.117 0.116 Owl et 
- 69.5 4.91 0.132 Otek 0.127 
- 70.3 4.93 Qeit2 0,123 0.128 
- 70.5 4.94 0.119 0.124 0.129 
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TABLE FI (Cont'd) 


a b é 


1° obsd OTidealed Ne De ace 


- 74.8 5.05 0.125 0.134 0.140 
- 75.0 5.05 0.136 0.134 0.140 
- 80.2 5.19 0.170 0.151 0.156 
- 80.3 5.19 0.158 ope asl 0.156 
- 80.4 5.19 Oe142 0.151 0.156 
- 80.6 5.20 0.161 0.153 0.158 
- 84.5 5.31 0.209 0170 0.173 
- 85.0 5.32 0.164 OuL72 0.175 
- 88.9 5.43 0.214 0.194 0.194 
- 89.9 5.46 0.219 0.201 0.199 
- 90.4 5.48 0.185 0.206 0.203 
- 9.04 5.48 0.210 0.206 0.203 
- 91.0 5.49 0.196 0.209 0.205 
- 94.9 5.61 Q.244 0.242 0.230 
- 94.9 5.61 0.275 0.242 0.230 
- 98.8 5.74 0.278 0.286 0.263 
-102.0 5.81 0.287 0.314 0.282 


For a sample containing a mixture of PBY 4, PBr,Cl, PBrCl, and 
PC1,; values of 1/T, in oe 

R From a least-squares fit of the data to the equation 

= Bexp (E,,/RT) + Cexp(-E/RT) . 


° From a least-squares fit of the data to the equation 
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